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I.  INTRODUCTION 

This  final  technical  report  documents  results  obtained  during 
the  contract  period  from  8 April  1974  to  (contract  completion  date  to 
be  determined)  for  US  Army  Missile  Research  and  Developmett  Command 
(MIRADCOM)  contract  No . I)AAI10l-74-C-0624 . Results  of  the  first  phase 
of  the  work  under  this  contract  have  previously  been  reported.* 

The  experimental  work  of  both  program  phases  was  performed  on 
the  S-Cubed  Rapid  Pulse  Facility  which  was  built  for  the  study  of 
repetitively  pulsed  cold  cathode  electron  guns.  The  use  of  this 
facility  enabled  performance  of  a far  more  ambitious  program  than  usual 
for  the  funding  level.  Because  of  the  close  relationship  of  the  earlier 
and  present  work,  and  to  avoid  duplication  of  material  such  as  descrip- 
tions of  the  test  facility  and  diagnostic  equipment,  the  Interim  Report 
has  been  included  as  an  Appendix.  This  Introduction  and  the  next  section, 
Summary,  cover  the  entire  program  and  identify  the  tasks  performed  in 
each  program  phase. 

The  objective  of  the  first  phase  was  to  determine  the  operational 
characteristics  of  high  repetition  rate  cold  cathode  electron  guns  and 
use  the  data  in  the  conceptual  design  of  an  example  system.  Measure- 
ments were  performed  on  a cold  cathode  gun  operated  in  a diode  configura- 
tion, with  and  without  focussing  electrodes.  Pulse  lengths  from  2 to 
10  psec  and  repetition  rates  from  1 to  50  were  studied.  Most  data  were 
taken  for  3-psec  pulses.  Much  of  the  information  from  the  first  phase 
applies  to  triode  as  well  as  diode  cold  cathode  guns;  examples  are  the 
data  regarding  the  relationship  between  vacuum  system  requirements  and 
beam  power,  and  the  cathode  voltage  pulse  requirements  for  effective 
cathode  ignition. 

The  work  of  the  present  phase  emphasizes  cold  cathode  gun  operation 
in  a triode  configuration,  using  a self-Liased  control  grid,  with  and 
without  focussing  electrodes.  Also  emphasized  is  operation  at  longer 

pulse  lengths,  12  psec,  and  pulse  rates  of  50  sec  ^ , although  pulse 

rates  to  125  sec  ^ were  measured. 

The  motivation  for  development  of  grid-controlled  cold  cathode 
guns  is  the  need  for  compact  and  efficient  electron  guns  which  produce 
low.  current  density  beams  for  laser  applications.  Until  now,  laser 
cold  cathode  guns  have  been  diode  types  and  have  been  used  in  appli- 
cations where  current  densities  in  excess  of  several  hundred  milliamps 
per  square  centimeter  are  required,  or  used  very  inefficiently  in  lower 
current  density  applications.  Because  the  cold  cathode  gun  operates 
space-charge  current  limited,  the  only  methods  for  obtaining  lower 
current  density  from  diode  guns  at  a fixed  cathode  voltage  are  to  increase 
the  anode-cathode  spacing  and  thereby  make  the  gun  very  large  (in  some 
case  the  size  becomes  impractical) , or  to  use  a beam  window  structure 
which  absorbs  most  of  the  beam  and  makes  the  system  very  inefficient. 


■I 


5 


Laser  requirements  generate  an  inverse  relationship  between  elec- 
tron beam  current  density  and  the  square  of  the  pulse  length;  there- 
fore, the  longer  pulse  lengths  now  of  interest  require  low  beam  current 
densities.  Because  the  objective  of  this  phase  was  to  use  measured 
data  to  devise  engineering  data  and  charts  required  for  designing  repeti- 
tively pulsed  cold  cathode  guns,  there  was  more  analytical  and  compu- 
tational work  performed  than  for  the  previous  phase.  This  work,  which 
is  described  and  discussed  in  Section  IV,  provides  the  basis  for  extend- 
ing the  present  data  base  to  the  design  of  new  systems. 

The  experimental  work  of  this  phase  is  presented  in  Section  V. 

An  attempt  has  been  made  to  minimize  redundancy  between  Section  V and 
the  work  of  the  first  phase  described  in  the  Appendix. 

Section  VI  contains  a conceptual  design  for  a repetitively  pulsed 
gun  with  a 7.5-kW  beam.  The  design  is  based  on  data  derived  from  this 
program. 

A summary  of  the  program  and  principle  conclusions  are  given  in 
Section  II.  Section  III  provides  a review  of  possible  applications  for 
cold  cathode  technology  and  discusses  the  relationship  of  this  tech- 
nology to  other  electron  beam  sources. 

Table  1 provides  a key  to  the  sections  of  the  report  containing 
information  specifically  requested  in  Amendment  1 to  Technical  Require- 
ment No.  1912  for  this  program.  A similar  table  at  the  beginning  of 
the  Appendix  provides  a key  to  the  earlier  work. 


TABLE  1.  INDEX  TO  PROGRAM  TASKS 


Requirement  Paragraph 

Report  Section 

3.1 

3.1.1 

3. 1.1.1 

V 

3. 1.1. 2 

V B 

3. 1.1. 3 

V 

3. 1.1.4 

V B,  IV 

3. 1.1. 5 

V B,  V C 

3.1.2 

3. 1.2.1 

V B,  IV 

3. 1.2.2 

V B,  IV 

3. 1.2. 3 

V B 

3. 1.2. 3 

V C,  VI 

3.1.3 

IV,  V,  VI 

3.1.4 

VI 

3.1.5 

V 

3.1.16 

VI 

SUMMARY 


A.  Phase  I Program  Summary 

The  S-Cubed  Rapid  Pulse  Facility  (RPF)  has  been  used  to 
study  repetitive  pulse  operation  of  cold  cathode  electron  beam  guns 
with  accelerating  voltages  to  300  kV,  pulse  lengths  from  2 to  10  psec 

and  repetition  rates  to  50  sec  Data  obtained  from  this  study  were 
used  to  design  conceptually  a 15  X 200  cm  repetitively  pulsed  cold 
cathode  electron  beam  gun  system. 

Some  of  the  highlights  of  the  data  obtained  in  this  program  are 
contained  in  the  following  paragraphs. 

1.  Emitter  Foil  Lifetime 

Correlation  of  the  number  of  emission  sites  and  the 
mass  removed  per  emission  site  indicates  that  cathode  foil  lifetimes 
in  excess  of  50,000  shots  are  easily  achieved.  Lifetimes  up  to 

107  shots  are  probable,  provided  that  a fast  rising  voltage  pulse  is 
applied  to  the  cathode. 

2.  Gun  Impedance 

Measurement  of  gun  impedance  at  50  sec  ^ for  pulse 
widths  from  3 to  9 psec  shows  that  both  repetitively  and  single  pulsed 
guns  operate  in  a space-charge  limited  mode.  It  follows  that  existing 
data  from  single  pulse  guns  can  be  used  in  the  design  of  multiple  pulse 
guns  by  using  the  voltage  and  area  scaling  rules  for  space-charge 
limited  operation. 

3.  Beam  Focussing  and  Efficiency 

Demonstrations  have  shown  that  self-biasing  focussing 
electrodes  can  shape  the  beam  profile  in  both  transverse  and  longitudi- 
nal dimensions.  Measurements  of  the  beam  current  density  outside  the 
foil  window  (using  a collector  array  and  cellophane  dosimeters)  revealed 
that  the  beam  edge  profile  can  be  dramatically  altered  with  focussing 
electrodes;  this  will  increase  gun  efficiency  substantially  above  50°. . 

-+.  Vacuum  Requirements 

The  measured  gassing  rate  under  high-average  power 
conditions  is  consistent  with  thermal  desorption  of  gas  from  the  gun 

— . | 

chamber  walls.  Operation  of  the  gun  at  pressures  of  10  torr  causes 
rapid  reab sorption  and  precludes  gun  clean  up.  This  suggests  tw 
approaches  to  gur.  vacuum  system  design: 


a)  Moderate  vacuum  technology  should  be  used  and 
operated  with  large  vacuum  pumps. 

b)  Very  high  vacuum  technology  should  be  developed 
for  the  large  guns  and  smaller  pumps  should  be 
used . 


1 


In  either  of  the  preceding  cases,  the  extreme  importance  of  a leak 
free  system  is  emphasized. 

5.  Thermal  Loading  of  the  Electron  Beam  Window 

2 

Thermal  loading  of  the  window  by  75  pA/cm  as 
required  for  a full  scale  system  does  not  limit  the  life  of  the  window 
foils.  (Failure  mechanisms  such  as  gun  arcs  or  repeated  extreme  flex- 
ing of  the  foil  must  be  avoided.) 

6.  Beam  Energy  Spectrum 

Measurements  made  by  placing  current  collectors 
behind  absorbers  of  various  thicknesses  correlated  with  calculations 
of  electron  energy  spectra  made  with  the  Eltran  Monte  Carlo  code. 

Input  spectra  based  on  the  voltage  and  current  waveforms  were  used. 

This  demonstrated  that  anomalous  low  energy  electrons,  if  present, 
are  insignificant.  Window  loading  can  be  calculated  when  the  gun  vol- 
tage and  current  waveform  are  known. 

The  design  study  focussed  on  a 15-  X 200-cm  electron  beam  gun  sys- 
tem. The  gun  can  operate  at  50  sec  ^ for  10-sec  bursts  and  provide 
2 

0.5  A cm  at  voltages  up  to  300  kV.  The  laboratory  gun  was  purposely 
designed  with  full  scale  transverse  dimensions,  thereby  simplifying 
the  design  of  the  full-scale  gun.  The  electron  beam  window  designed 
and  built  for  the  laboratory  gun  was  also  suitable  for  the  full  scale 
gun,  although  alternative  methods  for  reducing  foil  flexing  under  mul- 
tiple pulse  conditions  were  suggested. 

A vacuum  system  based  on  a conventional  10-in.  oil  diffusion  pump 
and  24-cfm  mechanical  roughing  pump  best  serves  the  present  needs. 

Very  clean,  highly  baked  guns  should  be  considered  for  future  systems. 

Assuming  that  the  ECOM-MAPS-70  thyratron  is  available,  a Blumlein- 
transformer  with  thvratron  switching  is  the  optimum  choice  for  the 
power  supply.  The  entire  power  supply  should  fit  inside  a 4-  X 6-  X 5-ft 
enclosure. 
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Summaries  of  the  conceptual  design  parameters  and  drawings  of  the 
gun  and  system  are  provided.  Alternatives  to  the  chosen  power  supply, 
vacuum  system  and  window  are  also  provided. 

B.  Phase  II  Program  Summary 

During  the  second  phase,  the  S-Cubed  Rapid  Pulse  Facility's 
high  voltage  line  pulser  was  modified  to  supply  12-psec  pulses  at 

repetition  rates  from  50  to  125  sec  . The  facility's  electron  gun's 
electrode  structure  was  changed  from  a diode  geometry  to  a self-biased 
triode  geometry. 

The  modified  facility  was  then  used  to  study  control  of  the  electron 
beam  by  the  grid  and  by  focus  electrodes.  Measurements  obtained  in  the 
study  included  temporal  waveforms  of  various  voltages  currents  of  the 
gun  ana  line  pulser,  and  beam  current.  Time  integrated  foil  dosimeter 
measurements  were  used  to  determine  the  post-foil  beam  shape. 

An  analytic  model  of  the  triode  gun  was  developed;  performance  charts 
were  derived  from  this  model.  A calculational  model  of  the  line  pulser 
and  triode  gun  was  developed  for  use  with  the  ECAP  ciruuit  analysis 
computer  code. 

Adequacy  of  the  calculational  model  was  verified  by  comparison  of 
calculated  and  measured  waveforms.  Calculations  were  performed  to  study 
the  response  of  the  gun  to  changes  in  gun  parameters. 

Data  obtained  from  both  phases  of  the  program  were  used  to  gener- 
ate a conceptual  design  for  a cold  cathode  triode  electron  gun  and 
power  supply.  The  computer  model  was  used  to  generate  waveforms  for 
the  conceptual  design  system. 

Highlights  of  the  second  phase  are  given  in  the  following  para- 
graphs. 

1.  Line  Pulser 

The  line  pulser  operated  satisfactorily  with  ignitron 
switching  and  reverse  pulse  clipping  at  line  pulse  charge  voltages  up 
to  27  kV.  Pulse  repeatability  was  very  good;  the  extremes  of  pulse  jitter 
were  ±2.5  ;.sec.  The  pulse  jitter  was  due  to  the  relatively  primitive 
ignitron  triggering  system  employed;  it  can  undoubtedlv  be  significantlv 
reduced  by  installing  an  improved  trigger  system  or  by  replacing  the 
ignitrons  with  thyratrons. 

The  1:17.5  high  voltage  pulse  transformer,  although  not  specifically 
designed  for  the  load  conditions,  performed  adequately.  Better  matching 
of  line,  transformer,  and  load  impedance  would  improve  pulse  shape. 
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A self  firing  SF^  pressurized  spark  gap  was  needed  between  the  trans- 
former output  and  the  gun  input  to  make  the  voltage  pulse  applied  to 
steepen  the  cathode  so  that  plasma  formation  would  be  uniformly  ini- 
tiated . 


2.  Pulse  Repetition  Rate 

Rates  from  50  to  125  sec  ^ confirmed  the  observa- 
tions of  Phase  I that  the  individual  pulses  in  a pulse  train  do  not 
interact.  The  only  effect  related  to  repetition  rate  are  duty-cycle 
effects  such  as  gun  gassing  and  average  power  dissipation. 

3.  Pulse  Length 

Post-foil  beam  current  pulse  lengths  of  12  psec  were 
obtained  from  the  triode  gun.  The  physical  mechanism  which  limits 
pulse  length  in  cold  cathode  diode  guns,  impedance  collapse,  is  also 
operative  in  triode  guns  but  does  not  necessarily  terminate  the  beam 
pulse.  Grid  control  is  maintained  while  the  circuit  in  the  grid-cathode 
region  is  space-charge  limited;  after  grid-cathode  impedance  collapse, 
the  gun  can  operate  as  a space-charge  limited  diode  in  the  grid-anode 
region,  but  without  grid  control. 

At  the  time  of  grid-cathode  impedance  collapse,  the  grid  and 
cathode  attain  the  same  voltage;  if  this  voltage  is  large  enough  to 
accelerate  the  electrons  to  the  kinetic  energy  needed  to  penetrate  the 
window  foil,  the  beam  will  continue  after  collapse  of  the  impedance,  but 
with  a changed  amplitude. 

High  frequency  oscillations  (f  — 125  MHz)  were  observed  on  the 
cathode  and  grid  waveforms  after  impedance  collapse  and  are  thought  to 
be  dependent  on  stray  capacitances  and  inductances  in  the  gun  and  the 
connections  between  the  gun  and  line  pulser.  The  electrode  spacing- 
time relationship  for  impedance  collapse  is  approximately  1 cm/psec  in 
the  usual  range. 

The  magnitude  of  the  changes  in  the  voltage  and  current  waveforms 
at  the  time  of  grid-cathode  impedance  collapse  depends  upon  the  impe- 
dances of  the  cathode,  grid,  and  line  pulser  circuits  immediately  prior 
and  subsequent  to  impedance  collapse. 

4.  Beam  Shape 

Spreading  of  the  beam  between  the  grid  and  the  foil 
was  measured  in  directions  parallel  and  transverse  to  the  cathode  using 
blue  cellophane  dosimeters.  The  ratio  of  beam  width  at  the  outside  of 
the  foil  to  width  at  the  grid  was  approximately  1.8  for  the  parallel 
case  and  3.5  to  4 for  the  transverse  case.  The  reason  for  more  spread- 
ing in  the  transverse  direction  is  the  geometrical  divergence  of  the 
cylindrical  grid-anode  geometry;  the  geometrical  spreading  ratio  for 
this  gun  is  ~1:2.8. 
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5. 


Pulse  Shapes  and  Beam  Current; 


Waveforms  for  cathode  and  grid  voltage  and  current 
and  collected  post-foil  beam  current  were  obtained  for  repetition 

rates  from  50  to  125  sec  \ 12-psec  pulse  lengths,  and  bursts  of 
(typically)  7 or  14  pulses.  By  comparing  these  waveshapes  with  the 
calculated  waveshapes  based  on  a space- charge  limited  model,  it  was 
shown  that  the  triode  operates  space-charge  limited  in  the  grid- 
cathode  space.  It  was  also  found  that  in  this  particular  geometry, 
a space-charge  limited  leakage  current  path  existed  between  the  cathode 
and  ground.  Because  of  the  construction  details  of  the  gun,  (radial 
electrode  supports  and  feedthroughs)  a configuration  which  eliminated 
the  leakage  current  could  not  be  achieved;  therefore,  calculated  extra- 
polations of  the  data  were  used  to  study  the  gun's  behavior  over  a 
broader  parameter  range. 

It  was  found  that  the  beam  current  is  far  more  sensitive  to  changes 
in  grid  resistance  than  in  the  amount  of  leakage  current,  although  gun 
efficiency  is  lower  with  higher  leakage  current.  Those  results  are  in 
agreement  with  the  analysis  of  the  triode  presented  in  Section  IV  of 
this  report. 

6.  Analysis 

The  gun's  output  current  density  was  studied  as 
a function  of  cathode  voltage,  grid  opacity  and  resistance,  beam  area, 
and  cathode  to  grid  spacing.  Data  resulting  from  this  analysis  were 
plotted  as  families  of  curves  and  are  useful  in  the  design  and  analysis 
of  triode  guns.  Two  of  the  important  conclusions  of  the  analysis  are 
that  over  a wide  range  of  grid  resistance  the  output  current  density 
responds  in  an  inverse  fashion  with  respect  to  grid  resistance,  and 
that  the  output  current  density  is  relatively  insensitive  to  the  grid- 
cathode  spacing.  A computer  model  which  includes  the  leakage  current 
was  generated  and  provides  a tool  for  extrapolation  of  data  to  other 
gun  designs. 

7.  Conceptual  Design 

A conceptual  design  for  a gun  and  power  supply  with 
the  following  parameters  is  presented  in  Section  VI. 

250  kV 

2 

25  mA/cm 
10  psec 

100  sec 

One  10-sec  burst  every  10  min 
15  X 200  cm 

118  in. 

24  in . 


Cathode  Voltage 

Current  Density  (post-foil) 
Pulse  Duration 

Repetiton  Rate 
Duty 

Beam  Area 
Overall  Length 
Outside  Diameter 


i 
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The  gun  is  a cold  cathode  triode  in  a cylindrical  geometry.  All 
electrodes  are  supported  and  connected  at  the  ends  of  the  gun,  thus  per- 
mitting the  grid  structure  to  enclose  the  cathode  fully  and  alleviate 
the  leakage  current  problem  encountered  in  the  test  device. 

The  power  supply  is  a pulse  forming  network  (PFN)  operating  at  a 
maximum  of  35  to  38  kV;  it  is  switched  into  the  high  voltage  pulse 
transformer  by  hydrogen  thyratrons.  The  beam  current  density  is  con- 

2 

trolled  by  the  value  of  the  grid  resistance.  For  25  mA/cm  post-foil, 
the  resistor  has  a value  of  approximately  4300  ohms. 

Gun  waveforms  were  calculated  for  the  conceptual  design  gun  using 
the  computer  model  developed  in  this  program.  Transverse  and  longi- 
tudinal cross  sections  of  the  gun  are  presented. 

III.  rtEPETITIVE  PULSE  COLD  CATHODE  TECHNOLOGY  IN 
SYSTEM  APPLICATION'S 

A.  Cold  Cathode  Guns  as  System  Components 

1.  Relationship  to  Complete  Laser  System 

The  work  reported  here  has  been  performed  with  the 
specific  objective  of  developing  repetitively  pulsed  cold  cathode 
electron  guns  with  operating  parameters  defined  by  MIRADCOM  requirements 
for  C0?  laser  systems.  The  same  technology  has  other  applications; 

in  this  section  some  of  these  applications  are  discussed.  The  advan- 
tages or  disadvantages  of  cold  cathode  technology  relative  to  other 
technologies  which  may  also  be  suitable  for  these  other  applications  are 
considered . 

Table  2 categorizes  pulsed  electrical  lasers  according  to  the 
method  that  is  used  to  pump  the  laser  gas.  Electrical  pumping  can  be 
accomplished  by  direct  excitation  with  an  electron  beam  or  with  an 
electrical  discharge.  All  high  energy,  high  average  power  pulsed  elec- 
tric discharge  laser  systems  (EDL)  are  of  the  electron  beam  sustained 
discharge  type.  Intense  ultraviolet  (UV)  radiation  is  used  as  the 
ionizing  source  in  some  low  energy  systems;  electron  beam  sustained 
discharges  are  superior  for  high  average  power,  high  energy  applications. 

In  e-beam  sustained  lasers,  the  electron  beam  produces  a very  low 

level  of  ionization  in  the  laser  gas,  (typically  one  ion  per  10  mole- 
cules) but  this  is  sufficient  to  increase  the  electrical  conductivity 
of  the  gas  to  the  extent  that  a stable  uniform  electrical  discharge 
can  be  produced  by  a separate  power  supply.  The  discharge  provides 
essentially  all  of  the  energy  for  pumping  the  laser  levels  of  the  gas. 


As  Table  2 shows,  there  are  similar  methods  for  electrically 
initiating  a chemical  HF/DF  laser.  The  e-beam  sustained  discharge 
appears  to  be  the  most  advantageous  in  these  laser  systems  also.  In 
these  lasers  the  electrical  energy  is  used  to  generate  the  chemical 
species  required  for  the  chemical  reaction  which  supplies  the  energy 
to  pump  the  laser  levels. 

A complete  laser  system  is  composed  of  subsystems  in  addition  to 
the  electron  gun,  and  in  fact  the  gun  is  a rather  small  (although  essen- 
tial) portion  of  the  total  system  in  terms  of  weight,  volume,  and  cost. 
Figure  1 is  a generalized  representation  of  an  EDL  system. 

The  components  shown  in  Figure  1 are  found  in  all  electron  beam 
sustained  discharge  laser  systems.  Specific  requirements  for  each  com- 
ponent depend  upon  the  type  of  system;  e.g.,  coud  cathode  electron 
guns  require  different  types  of  modulators  than  do  hot  cathode  guns. 

The  system  components  which  are  affected  most  strongly  by  the  choice  of 
electron  gun  type  are  shown  within  the  dashed  line.  They  include  the 
electron  gun  and  power  supply,  the  vacuum  and  cooling  systems,  the  laser 
discharge  chamber,  and  the  discharge  power  supply. 

2.  Performance  Advantages  and  Constraints  of  Cold 
Cathode  Guns 

Electron  guns  are  specified  by  the  following  parame- 
ters: 


a)  Accelerating  voltage. 

b)  Pulse  length  and  pulse  shape. 

c)  Pulse  repetition  rate. 

d)  Pulse  burst  length. 

e)  Electron  beam  current  density. 

f)  Electron  beam  area. 

g)  Component  lifetime. 

h)  Vacuum  system  requirements  (operating  pressure 
and  throughput) . 

i)  Electron  beam  window  foil  cooling  requirements. 

The  three  types  used  for  laser  systems  are  hot  cathode,  cold  cathode, 
and  plasma  diode  guns.  Hot  cathode  guns  were  developed  first  for  these 
applications  and  are  the  principal  type  now  in  use  in  large  EDLs. 

Cold  cathode  guns  were  developed  later  and  are  now  being  introduced 
into  large  system  applications.  Plasma  diodes  are  still  being  developed 
and  are  not  used  in  any  large  systems. 
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Figure  1.  Pulsed  high  energy/power  EDL  system 


A 


I'he  authors  beLieve  that  plasma  diode  electron  guns  will  never  be 
of  significance  to  large,  high  average  power,  high  energy  EDLs.  The 
basis  for  this  viewpoint  is  that  despite  very  substantial  development 
efforts  at  several  major  laboratories,  the  accelerating  voltages  and 
current  densities  are  limited  to  ranges  which  are  adequately  covered  by 
hot  cathode  and  cold  cathode  guns;  both  types  are  more  reliable  and  less 
complicated  than  plasma  diode  guns. 

Hot  cathode  electron  guns  operate  over  a wide  parameter  range  which 
overlaps  the  operating  range  of  cold  cathode  guns.  In  general,  for 
applications  in  which  either  gun  can  be  used,  use  of  the  cold  cathode 
type  reduces  the  overall  complexity  of  the  system.  Hot  cathode  guns 
are  the  only  developed  means  for  obtaining  continuous  or  long  pulse 

3 

(At  > 20  .sec)  beams  and  very  high  repetition  rates  (prr  > 10  pps) . 

They  are  generally  operated  to  produce  beams  with  pulse  current  density 

2 

in  the  range  of  tens  of  mA/cm  ; however  they  can  produce  pulses  with 

2 

current  densities  of  approximately  1 A/cm  . 

Figures  2 and  3 show  the  approximate  range  of  current  density,  pulse 
length,  and  repetition  rate  for  single  pulse  and  repetitively  pulsed 
hot  cathode  guns.  These  figures  indicate  two  of  the  operating  limits 
of  hot  cathode  guns:  the  cathode  emission  limit  and  the  window  heating 

limit.  Cold  cathode  guns  have  the  same  window  heating  limit  but  do  not 
have  the  cathode  emission  limit  of  hot  cathode  guns. 

The  window  limit  shown  in  Figures  2 and  3 is  based  on  "rules-of- 
thumb"  for  present  technology  whicli  express  the  current  density  trans- 
mission capabilities  of  window  foils.  These  rules  have  been  found  to 
be  useful  for  electron  beams  with  electron  kinetic  energies  between 
150  keV  and  300  keV,  for  the  usual  foil  materials. 

The  limit  for  peak  charge  density  per  short  pulse  is  approximately 
2 

20  pC/cm  . Short  pulses  are  considered  to  be  those  for  which  the  pulse 
length  is  much  shorter  than  the  time  required  for  the  energy  deposited 
in  the  foil  by  the  beam  to  be  thermally  conducted  away  from  the  deposi- 
tion volume. 

Time-averaged  current  density  in  continuous  or  repetitively  pulsed 

2 2 

beams  should  not  exceed  200  ,.A/cm  to  300  ;.A/cm  . Because  the  average 
current  density  J is  related  to  the  peak  current  density  J,  pulse 
length  t,  and  repetition  rate  (prr)  by  J = J-r(prr) ; it  can  be  seen  that 
if  a foil  is  operated  under  conditions  of  maximum  J and  Jt,  the  maximum 

prr  =*  10  sec  . 
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DUTY  (t  PULSE  x PRF) 


Operation  at  average  current  densities  greater  than  300  pA/cm  may 
become  feasible  in  the  near  future.  Relaxation  of  this  limit  will  bene- 
fit both  hot  and  cold  cathode  guns,  but  will  not  give  either  type  an 
advantage  over  the  other. 

The  approximate  operating  points  for  several  CO^  and  CO  laser  sys- 
tems are  shown  in  Figures  2 and  3.  It  can  be  seen  that  atmospheric 
pressure  C0?  EDLs  are  not  significatnly  limited  by  hot  cathode  emission 

or  foil  heating  limits.  Carbon  monoxide  EDLs  definitely  require  advances 
in  window  cooling  technology. 

Cold  cathode  guns  have  several  advantages  over  hot  cathode  guns; 
higher  current  density  capability,  lesser  vacuum  requirements,  simpler 
construction  and  simpler  power  supply  requirements. 

The  first  of  these,  higher  current  density,  is  of  limited  importance 
in  CO^  EDLs,  but  is  very  important  for  CO,  HF/DF,  KrF,  and  others. 

As  shown  in  Figures  4 and  5,  the  peak  and  average  current  density  from 
cold  cathode  guns  is  limited  by  window  foil  technology,  not  by  cathode 
emission. 

Vacuum  system  requirements  are  significantly  reduced  for  cold 
cathode  systems,  as  discussed  elsewhere  in  this  report  and  appendix. 
Whereas  cold  cathode  systems  operate  satisfactorily  at  pressures  as 

-4 

high  as  the  10  -torr  range,  hot  cathode  systems  should  not  be  operated 

above  10  torr,  and  require  a much  lower  base  pressure,  particularly 
if  thoriated  tungsten  or  other  material  which  can  be  poisoned  by  impuri- 
ties is  used  for  the  cathode. 

Cold  cathode  guns  are  more  rugged  than  even  the  simplest  of  hot 
cathode  guns.  The  mechanical  parts  of  cold  cathode  guns  are  structurally 
strong  parts,  few  in  number  and  operate  at  moderate  temperatures  com- 
pared to  hot  cathode  guns.  Hot  cathode  guns  with  filament  type  cathodes 
are  relatively  fragile,  particularly  when  the  cathodes  are  hot.  Means 
must  be  provided  for  maintaining  the  geometry  of  the  not  filaments;  the 
usual  method  is  a spring  tensioning  system  to  accommodate  thermal  expan- 
sion of  the  filaments.  Larger,  mechanically  stronger  cathodes  can  be 
used,  but  the  power  required  to  heat  the  more  massive  filaments  reduces 
the  overall  efficiency  of  the  gun. 

It  is  in  the  matter  of  power  supply  requirements  that  the  advantages 
of  cold  cathode  guns  are  most  striking.  They  obviously  do  not  require 
the  filament  power  supply  as  do  the  hot  cathode  guns.  Filament  power 
must  be  supplied  to  the  hot  cathode  by  means  of  a high  voltage  isolation 
transformer  capable  of  standing  off  the  full  accelerating  potential. 

This  is  a large  and  heavy  piece  of  equipment.  Continuous  beam  hot  cathode 
diodes  require  only  the  high  voltage  power  supply  for  the  accelerating 


19 


potential  in  addition  to  the  filament  supply.  Pulsed  hot  cathode  guns, 
however,  require  a modulator  to  pulse  either  the  cathode  (in  diodes) 
or  control  grids.  The  three  main  types  of  hot  cathode  power  supplies, 
shown  in  Figures  6 through  8,  are  as  follows: 

a)  Charge-grid  pulser  (dc) . 

b)  PFN-pulse  transformer. 

c)  Resonant  air  core  transformer. 

The  first  of  these  types  has  been  the  standard  configuration  for 
pulsed  EDLs.  The  grid  pulser  must  be  isolated  at  the  full  cathode 
potential  and  control  signals  transmitted  to  the  pulser  via  fiber-optic 
light  links  ("floating  deck"  pulser). 

The  second  type  has  not  been  widelyused,  perhaps  because  it  is  less 
flexible  for  laboratory  systems,  being  mainly  useful  for  fixed  pulse 
length  and  current  density  applications.  It  also  requires  a grid  supply 
which  can  be  pulsed  to  a high  voltage,  although  the  control  system 
requirements  are  simpler  than  for  the  dc  charge-grid  pulser  system. 

The  third  type  has  the  potential  for  lower  weight  than  the  other 
two  types,  but  the  control  system  is  more  complex. 

Power  supplies  for  cold  cathode  guns  are  discussed  in  some  detail 
elsewhere  in  this  report.  Figure  9 illustrates  the  basic  simplicity 
of  a supply  driven  by  a PFN  and  pulse  transformer.  Control  of  the  gun 
is  obtained  by  self-biasing  of  the  grid  as  shown  in  Figure  9;  the  gun 
could  also  be  operated  as  a diode  without  the  grid  and  grid  resistor 
circuit . 

Present  limitations  on  the  pulse  length  (At  < 20  [_sec)  and  repeti- 
tion rate  (prr  < 1000  sec  ^)  unique  to  cold  cathode  guns  are  discussed 
in  Section  V B and  the  Appendix.  These  limits  are  also  indicated  in 
Figures  4 and  5. 

In  the  following  section,  the  use  of  cold  cathode  guns  for  some 
specific  laser  systems  will  be  discussed. 


15.  Applicability  of  Cold  Cathode  Guns  for  Specific  Types 
of  Lasers 

1.  Moderate  Pulse  Length  Repetitive  Pulse 

[1  < .At  <20  ,.sec,  prr  < 1000  sec  C(>2  and 
CO  Systems 

a.  C02 

Typical  CO^  systems  in  this  pulse  and  rate 

range  require  guns  with  an  accelerating  voltage  of  from  125  to  250  kV 

2 

and  current  dentisy  from  10  to  500  mA/cm  . 

Cold  cathode  guns  are  extremely  well-suited  to  these  systems.  Hie 
first  large  high  average  power  system  using  a cold  cathod  gun  is  the 
cold  cathode  electron  beam  laser  (CCEBL)  system  at  MIRADCOM.  The  gun, 
which  produces  a 200-  X 15-cm  beam,  is  presently  driven  by  a high  volt- 
age PFN  switched  by  thyratrons.  Other  drivers  such  as  a low  volatge 
PFN  driving  a pulse  pulse  transformer  may  also  be  tested.  When  operated 
at  50  pps,  the  CCEBL  system  will  produce  100  kW  of  10.6-  optical  power. 

This  same  technology  is  applicable  to  the  large  C09  laser  systems 

necessarv  for  the  study  of  controlled  fusion.  These  are  presently  single 
pulse  systems;  large  repetitive  systems  would  presumably  not  be  developed 
before  the  concept  of  this  fusion  approach  is  demonstrated.  A two- 
sided,  200-  X 35-cm  cold  cathode  gun  is  being  used  an  Los  Alamos 
Scientific  Laboratory  (LASL)  and  a prototype  cold  cathode  gun  for  a 
1000-kJ,  0.5-nsec  pulse  system  is  being  built  for  LASL  by  S-Cubed.  This 
latter  device,  which  could  also  be  a prototype  for  large  military  sys- 
tems, is  a cylindrical  gun  with  the  electron  beam  emitted  radially  out- 
ward. (The  geometrical  concept  is  similar  to  the  concept  for  the  "Thumpe 
hot  cathode  gun) . 

Figure  10  shows  a layout  drawing  of  the  cold  cathode  triode  gun  and 
gives  the  relevant  operating  parameters.  In  the  LASL  system,  the  gun 
will  drive  a laser  amplifier  producing  ~ 17  kj  in  an  optical  pulse  last- 
ing less  than  1 nsec.  If  the  same  gun  and  discharge  volume  were  used  to 
produce  a longer  pulse,  10  j sec  for  example,  approximately  100  kJ  would 
be  generated  per  pulse. 
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b. 


CO 


The  current  density  requirements  are  greater 
for  CO  than  for  CO^ . Cold  cathode  guns  can  produce  the  required  current 

densities  in  this  pulse  length  and  repetition  rate  range,  but  the  inaxi- 
i mum  current  that  can  be  obtained  is  defined  by  window  heating  limits. 

Assuming  that  the  window  problems  can  be  overcome,  the  cold 
cathode  gun  will  certainly  prove  superior  to  hot  cathode  guns  because 
of  the  high  current  density  that  is  required. 

2.  Short  Pulse  Length  Repetitive  Pulse 
[At  < 1 psec,  prf  < 1000  sec  KrF 

Krypton  fluoride  lasers  require  high  current  densi- 
ties because  of  the  electronegative  character  of  the  gas,  which  rapidly 
attaches  free  electrons.  Much  of  the  previous  work  on  KrF  lasers  lias 
used  direct  excitation  by  very  high  current  density  electron  beams. 

| Recently  however,  electron  beam  sustained  discharges  in  KrF  have  shown 

much  promise  and  research  is  being  vigorously  pursued. 

2 

The  KrF  systems  require  higher  pulsed  current  densities  (J  > 1 A/Cm  ) 

than  C0„  or  CO;  therefore,  cold  cathode  guns  are  the  obvious  choice. 

2 

Window  heating  is  a problem,  but  the  shorter  pulse  lengths  alleviate 
the  problem  to  the  extent  that  higher  peak  current  densities  can  be 
obtained  without  exceeding  the  ~ 20  i.C/pulse  limit.  Average  current 
I density  constraints  remain  the  same  as  previously  discussed;  hence,  win- 

dow cooling  improvements  could  also  greatly  benefit  these  laser  systems. 

b.  Electrically  Initiated  Chemical  Lasers,  HF/DF 

Electrically  initiated  HF  chemical  lasers  are 
being  studied  using  cold  cathode  electron  guns  to  sustain  an  electrical 
discharge  which  dissociates  the  pumping  gas  mixture  and  produces  the 
species  required  for  the  lasing  reaction.  In  these  experiments,  the 

2 

electron  beam  parameters  have  typically  been  400  keV,  2 A/cm  and  50  nsec. 
This  range  is  very  accessible  to  cold  cathode  technology,  because  with 
I;  these  short  pulse  lengths,  current  densities  on  the  order  of  1000 

2 

A/cm  can  be  obtained  without  destroying  the  foil.  It  is  expected 
that  if  these  lasers  prove  successful,  cold  cathode  guns  will  be  used 
for  the  electron  beam. 


Figure  LO.  Systems  Science  and  Software  Model  3?280-12  electron  gun. 


3.  Long  Pulse  Length,  Repetitive  Pulse  and  Continuous 

Pulse  lengths  longer  than  ~20  psec  are  an  undeveloped 
regime  for  cold  cathode  electron  guns.  Figures  4 and  5 show  that  the 
current  density  and  duty  required  in  CO^  systems  such  as  Thumper  and 

Humdinger  are  well  within  the  operating  range  of  the  cold  cathode  gun, 
but  that  the  length  of  the  individual  pulse  is  near  the  limit  of 
developed  technology.  Nonetheless,  these  systems,  if  being  designed 
today,  could  utilize  cold  cathode  guns  and  a substantial  benefit  in 
simplification  of  the  power  supplies  could  be  reasonably  expected. 

Continuous  systems  such  as  the  Mobile  Test  Unit  (MTU)  and  PEACEMAKER 
are  at  present  best  sustained  by  hot  cathode  guns  (although  plasma 
diodes  might  be  applicable  here) , as  continuous  cold  cathode  guns  have 
yet  to  be  demonstrated. 

IV.  GRID  CONTROLLED  COLD  CATHODE  QUidS:  ANALYSIS  A;JD 
CALCULATIONS 

A.  Circuit  Equations 

1.  General  Equations 

In  this  section,  an  idealized  model  of  a cold 
cathode  triode  is  considered  for  the  purpose  of  deriving  the  relation- 
ship between  the  input  current  and  voltage  and  the  output  current.  This 
relationship  depends  on  physical  parameters  of  the  gun  and  the  grid 
resistance.  The  equations  are  derived  for  a planar  geometry;  the  results 
for  a cylindrical  geometry  can  be  obtained  from  the  planar  results  by 
taking  proper  account  of  the  geometric  expansion  of  the  beam;  that  is, 

the  reduction  in  current  density  proportional  to  r 

Figure  11  shows  the  model  used  for  this  analysis.  The  approxima- 
tion that  the  current  emitted  from  the  cathode  can  be  divided  intd  two 
components  has  been  used.  The  first,  1^,  is  the  current  which  flows 

between  the  cathode  and  the  grid.  At  the  grid,  a fraction  of  1^  equal 

to  1<I ^ is  intercepted  by  the  grid  and  flows  through  the  grid  resistor 

to  ground,  producing  a voltage  V = kI^R(,  on  the  grid.  The  fraction 

1^(1  - k)  = TI ^ passes  through  the  grid  and  flows  to  the  anode. 

It  is  a fraction  of  the  latter  current,  I^  = TI^,  whd-ch  would  be 

extracted  from  the  gun  as  beam  current  after  attenuation  by  the  gun's 
window  foil,  foil  supports,  and  anode  screen.  Attenuation  by  the  foil 
is  dependent  upon  the  kinetic  e -ergy  of  the  beam  electrons. 
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CATHODE 


ANODE 


Figure  11.  Circuit  model  of  self-biased  triode 
gun  used  in  analysis. 


The  second  component  of  the  cathode  current  is  denoted  I^  in 

Figure  11  and  represents  current  that  flows  from  the  cathode  and/or 
cathode  support  structure  without  passing  through  the  grid.  In  a well- 
designed  gun  1^  = 0;  it  is  included  in  this  analysis  so  that  the  effect 

of  this  loss  mechanism  on  gun  impendance  and  efficiency  can  be  studied. 
This  will  allow  analysis  of  the  experimental  results  of  this  program. 

It  is  assumed  that  the  currents  I ^ and  I are  both  space-charge 

limited;  the  former  limited  by  the  full  cathode-anode  voltage,  V , and 

K 

the  latter  by  the  cathode-grid  voltage,  V = V - V . 

KG  K G 

Change  of  impendance  during  the  pulse  due  to  motion  of  cathode 
plasma  is  not  included  in  the  model.  This  phenomenon  is  quite  pronounced 
in  diode-type  cold  cathode  guns  but  has  limited  effect  in  the  resistivelv 
biased  triode  due  to  the  stabilizing  effect  of  the  grid.  Grid  stabili- 
zation is  discussed  more  completely  in  Section  IV  A2 . The  space-charge 

-1/2 

limited  impedances  are  assumed  to  vary  only  as  V , or  equivalently, 
-1/3 

I during  the  pulse. 
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Definitions  of  the  model's  parameters  are  as  follows: 

V = cathode  voltage. 

K 

I = cathode  current. 

K 

V = grid  voltage. 

I = grid  current. 

Z = V / I = gun  input  impedance. 

K K 

R^,  = grid  resistance. 

1^  = component  of  cathode  current  which  flows  in  the  region  between 
the  cathode  and  the  grid. 

I = Tl^  = (1  - k)I^  = component  of  cathode  current  which  flows 
through  the  grid  to  the  andode. 

T = grid  transparency, 
k = grid  opacity. 

A^  ~ cross-sectional  area  of  beam  I ^ at  grid. 

X^  = cathode  to  grid  distance. 

V = V - V = cathode  to  grid  voltage. 

KG  K G 

= I^/A^  = current  density  of  beam  1^. 

‘^2  = ^2^1  = currenC  density  of  beam  I^. 


The  space-charge  limited  currents  are  given  by 
3/2 

X3  = K3BK 


3/2  A 2.33-10  3/2 

X1  - KlV  = -“-2 V 


(1) 

(2) 


The  parameters  and  are  constants  for  a particular  geometry, 
can  be  calculated  reasonably  well  from  known  physical  shapes  and 
sizes;  however,  generally  cannot  be  calculated,  but  can  be  estimated 
from  measured  values  of  gun  voltage  and  current. 
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Equation  (2)  can  be  written 


r 


\ 


i 


Equation  (5)  shows  that  when  I ^ = 0,  the  beam  current  is  = 0 for 
two  cases.  The  first,  k = 1,  corresponds  to  an  opaque  grid.  The 

second,  b = p,  gives  the  condition  when  the  grid  voltage  equals  the 

k 1 
cathode  voltage,  When  the  grid  resistor  is  chosen  so  that  b = R^./Z  = — , 

the  beam  current  goes  to  zero.  This  condition  puts  a limit  on  the 
range  of  grid  resistors  which  can  be  used.  Grids  have  typical  values 

of  k in  the  range  from  0.4  to  0.1;  corresponding  values  for  b are 
o c 1 max 


Equation  (5)  has  been  rewritten 


J2X1 


2.33  • 10"6V  3/2 
K 


= (1  - k)  (1  - bk) 


3/2 


(10) 


and  plotted  using  b as  a variable  and  k as  a parameter,  as  shown  in 
Figure  12. 

The  curves  of  Figure  12  are  useful  when  considering  the  design  of 
a cold  cathode  triode.  The  usual  specified  parameters  are  cathode 
voltage  and  post-foil  beam  current  density.  To  use  the  curves,  the 
required  beam  current  density  inside  the  gun,  J , is  first  calculated 

from  BJ^  = J^.  The  factor  B accounts  for  beam  attenuation  by  the  foil, 

foil  support,  and  anode  screen. 

Minimum  values  of  are  estimated  next,  consistent  with  the  require- 
ments discussed  in  Section  V B for  the  smallest  cathode-grid  spacing 

2 -6  3/2 

suitable  for  the  required  pulse  length.  The  term  (J  X )/(2. 33-10  V ) 

A 1 K 

can  then  be  calculated  and  various  feasible  values  of  b and  k estimated 
from  the  curves. 

The  total  gun  current  is  estimated  by  working  backward  from  the 

anode  current  to  the  cathode  current,  since  (1  - k)I  = J A.  The  gun 

K L 

impedance  and  R can  then  be  estimated.  Gun  impedance  is  usually  an 

important  consideration,  particularly  in  high  average  power  systems, 
where  it  is  necessary  to  provide  good  impedance  matching  between  the 
power  source  and  the  gun. 

In  some  systems  there  is  a requirement  to  be  able  to  vary  the  beam 

current  density  while  maintaining  constant  gun  voltage  and  impedance. 

Control  of  beam  current  density  by  variation  of  the  grid  resistance  can 

be  estimated  from  Figure  12.  For  fixed  V , Z and  X1 , Figure  12  shows 

K 1 


The  same  carves  can  be  used  for  the  case  I ^ ^ 0,  by  making  the 

substitution  b'  = b(l  - Z/Z^)  in  Equation  (7).  The  ratio  Z/Z.}  is  most 

likely  to  be  determined  from  measurements  or  estimated,  for  purposes 
of  first  order  design  of  the  gun. 


From  the  circuit  definition,  Z £ Z^  £ °°,  therefore 
£ b.  One  effect  of  the  shunt  impedance  Z^  is  therefore 
maximum  usable  value  of  the  grid  resistor  by  the  factor 


0 < b(l  - Z/Z3> 
to  reduce  the 

(l  - z/z3)_1. 


2.  Anode  Current  as  a Function  of  Grid  Resistance 
and  Cathode-Grid  Spacing 

In  this  section,  a specific  gun  geometry  is  used  as 
an  example  to  discuss  the  dependence  of  gun  current  density  on  the 
resistance  of  the  grid  resistor  and  the  spacing  between  the  cathode  and 
grid.  An  idealized  planar  geometry  gun  (no  losses,  or  I3  = 0)  is  con- 
sidered with  the  following  parameters: 


a)  Cathode  voltage  = Vj  = 250  kV. 

b)  Grid  opacity  = k = 0.2. 

2 

c)  Beam  area  = A = 1000  cm  . 

d)  The  total  cathode  current  is  then  I ^ = J^A; 

the  total  beam  current  at  the  anode  is  I9  = (1  - k)I^  = 0.81^;  and  the 
current  density  = ^M. 


Equation  (4)  was  used  to  calculate  J for  various  values  of  R 

and  X^.  The  resulting  curves  for  are  plotted  in  Figure  13.  The  gun 

impedance  also  varies  with  R ; it  is  plotted  on  the  same  graph. 

G 

Several  conclusions  become  apparent  upon  examination  of  Figure  13. 
The  current  density  is  easily  controlled  over  a wide  range  by  varying 
the  grid  resistance.  However,  in  practical  applications  the  allowable 
range  of  gun  impedance  must  be  considered.  Assuming  that  the  cathode 
voltage  is  to  be  held  constant  (as  it  is  for  the  curves  in  Figure  13), 

the  allowed  change  in  beam  current,  and  thus  R , can  only  have  values 

G 

within  limits  determined  by  the  acceptable  gun  impedance  range. 

For  example,  the  X^  = 10  cm  curve  in  Figure  13  is  considered.  If 

the  power  supply  design  required  that  the  gun  impedance  be  between  800 

2 

and  1600  ohms,  the  current  density  range  would  be  125  to  250  mA/cm 
and  the  corresponding  grid  resistance  range  would  be  2600  to  7000  dims. 


n 
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VK  = 250  kV 

A = 1000  cm2 
k = 0.2 

X,  = CATHODE-GRID  SPACING  (cm)  ' 


(?• 

i 


The  same  current  density  in  a gun  with  a larger  beam  area  will 
obviously  require  higher  total  current  and  therefore  result  in  lower 

2 

impedance.  Figure  14  shows  curves  for  a 3000-cm  beam.  The  same 

2 

current  density  range,  Q, 125  to  0.250  A/cm  , corresponds  in  a grid  resist- 
ance range  from  approximately  1050  to  2350  ohms  for  a 10-cm  cathode  grid 
spacing.  In  this  case,  however,  because  of  the  three  times  greater  beam 
area  and  total  current,  the  gun  input  impedance  is  in  tie  range  of  520 
to  270  ohms. 

Figure  13  also  shows  that  the  gun  current  density  is  relatively 
insensitive  to  the  distance  between  the  cathode  and  grid  for  a reasonably 
wide  choice  of  grid  resistance;  it  is  more  sensitive  for  small  values 

2 

of  grid  resistance  than  for  high  values.  For  example,  for  A = 1000  cm 

2 

and  R..  = 3000  ohms,  J ^ varies  between  310  and  140  mA/cm  as  X^  is  varied 

from  30  to  5 cm,  or  a factor  of  two  change  in  current  density  for  a fac- 
tor of  six  in  cathode  to  grid  spacing.  A space-charge  limited  diode 
for  which  the  cathode-anode  spacing  changed  from  30  to  5 cm  would  exhi- 
bit a factor  of  36  increase  in  current. 

The  insensitivity  of  the  current  density  to  the  grid-cathode  spac- 
ing is  a favorable  factor  when  the  dynamic  behavior  of  the  gun's  elec- 
tron emission  process  is  considered.  Expansion  of  the  cathode  plasma 
reduces  the  cathode-grid  spacing  during  the  pulse.  In  a cold  cathode 
diode,  reduction  of  the  cathode-anode  spacing  and  resultant  change  in 
diode  impedance  increases  the  beam  current  and  reduces  the  gun  impe- 
dance during  the  pulse.  The  self-biased  cold  cathode  triodes  discussed 
iiere  are  much  less  affected  by  the  plasma  expansion;  as  the  curves  show, 
one  effect  of  grid  control  is  to  provide  compensation  for  the  change 
in  cathode-grid  spacing. 

Therefore,  gun  impedance  and  current  density  are  not  the  main  fac- 
tors influencing  the  choice  for  the  grid-cathode  spacing.  A more  * 
important  factor  is  the  pulse  length  required  from  the  gun.  For  everv 
grid-cathode  distance,  there  is  a maximum  achievable  pulse  length.  The 
usual  goal  of  designing  a compact  gun  with  a small  grid-cathode  space 
conflicts  with  requirements  for  longer  pulse  lengths. 

For  a fixed  cathode  voltage  (250  kV  in  these  examples) , the  sensi- 
tivity of  the  dependence  of  anode  current  density  on  grid-cathode  spac- 
ing is  independent  of  the  beam  area.  This  can  be  seen  by  comparing  the 

2 2 
curves  of  Figure  14  (A  = 3000  cm  ) with  those  of  Figure  13  (A  = 1000  cm  ). 

As  Figures  13  and  14  also  show,  the  maximum  anode  current  density 
that  can  be  achieved  as  the  grid  resistance  is  reduced  is  also  a func- 

-2 

tion  of  the  gr id-cathode  spacing,  varying  as  in  the  limit  as  R ->0. 
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In  general,  lo  achieve  high  (or  moderate)  gun  input  impedances 
for  larger  beam  area  guns  it  is  necessary  to  keep  the  grid  opacity,  , 
as  small  as  possible,  and  the  grid-cathode  spacing,  grid  resistance, 
and  gun  voltage  as  large  as  possible.  Unfortunately,  these  general 
requirements  tend  to  conflict  with  gun  designs  which  are  compact. 

H.  Computer  Simulation  of  System  Performance 

1.  Equivalent  Circuit  for  Grid  Controlled  Gun  with 
a PFN/Pulse  Transformer  Power  Supply 

L’he  equations  and  curves  presented  in  Section  IV  A. 
are  useful  for  estimating  the  needed  system  parameters  in  order  to 
obtain  specified  voltages,  impedances,  and  current  densities.  Another 
approacti  is  the  use  of  an  equivalent  circuit.  This  approacli  is  especi- 
ally convenient  for  making  computer  calculations  of  the  system  response, 
using  the  ECAP  computer  code  for  circuit  analvsis.  The  circuit  model 
shown  in  Figure  11  can  be  represented  by  the  equivalent  circuit  shown 
in  Figure  15. 

Using  the  expression  given  in  Figure  15  for  the  three  impedances, 
it  is  directlv  shown  that  this  equivalent  circuit  results  in  Equations 
( l)  and  (3)  which  were  derived  in  Section  IV  A to  describe  the  two 
components  of  cathode  current.  That  is. 


!3  = VK/Z3  = 


SVk 


3/2 


(11) 


and 


V / (Z  + Z ) = 
K e 1 


(12) 


kk  + 


K 1/3 

K1  ll 


which  when  solved  for  I 


3 gives 


X1  = ki(vk 


1 ,R  ) 

G G 


3/2 


(13) 


Equation  (11)  is  identical  to  Equation  (1);  Equation  (13)  is  iden- 
tical to  Equation  (3). 

The  repetitively  pulsed  power  supply  consists  of  a PFN  which  is 
connected  to  the  gun  through  a 17.5:1  pulse  transformer  and  a voltage- 
peaking  spark  gap.  This  system  is  described  more  fully  in  Section  V A. 
Figure  16  shows  a simplified  circuit  diagram  for  the  supply;  Figure  16 
(b)  shows  an  equivalent  circuit  with  the  PFN  impedances  referred  to  the 
secondary  of  the  pulse  transformer.  The  impedance  transformation  is 
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Figure  15. 
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Equivalent  circuit  model 
gun  with  self-biased  grid 


for 


tr iode 


calculated  in  the  usual  wav;  i.e,,  circuit  elements  in  the  primary 

2 

are  transformed  by  multiplying  their  impedance  value  by  n , where 
n = 17.5,  the  transformer's  turns  ratio.  Figure  16  (a)  also  shows 
tiie  equivalent  circuit  used  for  the  pulse  transformer,  with  circuit 
element  values  referenced  to  the  secondary.  Capacitor  C ' , shown  on 

the  transformer  output  was  usually  connected  during  measurements.  Its 
purpose  was  to  provide  additional  energy  storage  prior  to  the  firing 
of  the  peaking  switch.  In  later  measurements  it  was  realized  that  the 
capacitance  of  the  transformer  windings  (C„  = 215  pF)  was  sufficient 

O 

for  the  purpose,  and  C_,  was  unnecessary. 


Figure  l 
computer  calc 
of  the  PFN  (r 
n) . This  vol 
switch  clo 

reaches  the  v 


7 shows  the  entire  euuivalent  circuit  used  for  the  ECAP 

ulation.  Voltage  V represents  the  pulse-charge  voltage 

eferred  to  the  transformer  secondary  by  multiplication  by' 

tage  is  applied  to  the  pulse  transformer  at  t = 0 when 

ses.  The  voltage  Vc  increases,  but  I = 0,  until  V„ 
b K b 

alue  which  fires  the  voltage  peaking  spark  gap  switch  (S^ 
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closes).  Typically,  switch  closes  when  - 250  kV.  i'he  nonlinear 
impedances  and  are  calculated  in  an  approximate  (step-wise)  wav 
by  a built-in  feature  of  the  ECAP  code. 

Input  to  the  code,  in  addition  to  the  circuit  values  shown  in 
Figure  17  are  values  for  constants  K^,  , and  k,  which  are  estimated 

or  calculated  from  the  gun  geometry  or  experimental  results,  the  value 
of  the  grid  resistor  R. , , and  the  voltage  for  closing  . 

The  ECAP  code  has  provisions  for  calculating  and  plotting  any  of 
the  branch  currents  or  node  voltages.  Several  voltages  and  currents 
which  could  be  directly  compared  to  measured  waveforms  and  other  use- 
ful parameters,  were  routinely  plotted.  These  included  V , I , V , the 

K K G 

gun  input  impedance  Z = Ml  I,  and  the  current  passing  through  the  grid 

K K 

(internal  beam  curreiit)  1=1-  V /R  . The  current  I is  the  internal 

Z K ( i (j  2. 

anode  current  of  the  gun.  If  I 7 is  divided  by  the  total  transmission 

factor  for  the  anode  screen,  foil  support  structure  and  foil,  the  quo- 
tient is  the  transmitted  beam  current. 


Details  of  the  procedure  used  for  determining  the  values  of  the 
input  constants  and  calculated  waveforms  are  given  in  the  next  section. 

2.  Determination  of  Input  Constants  and  Calculated 
Waveforms 


For  this  example  the  set  of  measured  waveforms 
shown  in  Figure  18  will  be  used.  The  specific  cathode,  grid  structure, 
and  focus  electrodes  for  these  measurements  are  described  in  Section  V B. 
The  parameters  needed  to  derive  the  input  parameters  for  the  computer 
calculations  are  obtained  from  using  the  measured  values  of  the  voltage 
and  current,  in  this  case  at  t = 6 ysec.  Generally,  values  calculated 
at  t = 5 or  6 psec  were  used;  these  times  usually  correspond  to  the 
peak  value  of  cathode  voltage  and  are  approximately  one-half  of  the 
pulse  length.  It  is  assumed  that  the  code  input  constants  could  be 
evaluated  at  any  time  during  the  pulse.  By  choosing  a point  near  the 
middle  of  the  pulse,  it  is  assumed  that  inclusion  of  effects  due  to  gun 
turn-on  transients  or  impedance  collapse  effects  could  be  avoided  which 
might  be  seen  at  times  near  the  end  of  the  pulse. 

The  initial  voltage  of  capacitors  Cj  through  corresponds  to 

the  pulse-charge  voltage  of  the  PFN.  The  total  measured  ring-up  factor 
for  pulse  charging  the  line  is  29.40  referred  to  the  secondary  (Section 
V A 2) . Because  the  dc  charge  voltage  is  10  kV,  the  initial  voltage  for 
the  capacitors  is  294  kV.  The  peaking  switch  was  set  to  ^re  at 


Figure  17.  Complete  equivalent  circuit  for  pulsed  power  supply  and  triode  electron  gun 
used  for  ECAP  calculations  (all  impedances  referred  to  secondary  of  1:17.5  pulse 
transformer) . 
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230  kV.  If  the  peaking  switch  did  not  fire,  the  voltage  would  rise 

to  approximately  twice  the  P FN  voltage  of  294  kV,  because  the  line  would 
be  driving  a high  impedance  load. 

From  the  waveform  of  Figure  18  at  t = 6 psec,  it  is  noted  tliaL 
V . = 147  kV,  I = 88  A,  V = 120  kV,  I = 60  A,  and  tiie  total  current 

k KG  Ci 

collected  1-cm  outside  of  the  gun  window  is  I ..  = 2.4  A.  From  these 

coll 

data,  the  following  values  are  calculated  for  circuic  constants: 

R.  = V /I  = 2000  ohms. 

h ‘ IcolL/T  ‘ 6 A' 

h ' h -(ig  + V " 22  A- 

= V /(I  + I9)  = 1818  ohms. 

K1  = (IK  ' T3)2/3/(VK  " V = 6,28  ‘ 10’4- 

K,  = I./V.  5/2  =3.94  • 10'7. 

3 3 k 

Using  these  input  values,  the  waveforms  shown  in  Figures  19 
through  23  were  calculated.  The  measured  waveforms  are  plotted  in 
Figure  19  for  comparison.  Agreement  between  the  calculated  and  measured 
waveform  is  reasonalby  good,  particularly  with  respect  to  pulse  length 
( FWHM)  and  amplitude.  The  largest  differences  appear  at  the  beginning 
and  end  of  the  pulse,  probably  due  to  initial  transients  and  impedance 
changes  which  are  discussed  in  Section  V.  The  almost  constant  value 
of  the  gun  input  impedance  during  the  pulse  is  interesting  and  of  con- 
siderable importance  for  the  design  of  these  systems. 

The  greatest  difference  appears  when  the  measured  collected  current 
waveform  (corrected  for  window  transmission  and  collector  reflection) 
is  compared  to  the  calculated  waveform.  The  major  reason  for  the  differ- 
ence in  waveshape  is  thought  to  be  due  to  transient  turn-on  phenomena 
of  the  gun.  Measurement  error  is  another  possible  reason,  as  described 
further  in  Section  V. 
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Figure  19.  Comparison  of  calculated  and  measured  cathode 
voltage  from  data  of  Figure  18. 
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gure  20.  Comparison  of  calculated  and  measured  grid  voltage  from 
data  of  Figure  18. 


gure  21.  Comparison  of  calculated  and  measured  cathode  current  for  data 
of  Figure  18. 


Figure  23.  Comparison  of  calculated  and  measured  beam  current  from 
data  of  Figure  18. 


V.  GRID  CONTROLLED  COLD  CATHODE  GUN:  MEASUREMENTS 

A.  Test  Facility  and  Diagnostic  Methods 


1.  General  Description 

The  test  facility  and  diagnostic  methods  used  in 
the  second  phase  program  were  substantially  identical  to  those  of 
the  first  phase  which  are  described  in  Sections  2 and  3 of  the  Appendix. 
Changes  and  additions  made  specifically  for  this  phase  are  described 
in  the  following  paragraphs. 

The  test  facility  consists  of  a lumped-element  line  pulser  which 
is  coupled  to  the  cold  cathode  electron  gun  through  a 17.5:1  pulse 
transformer.  Direct  current  power  for  the  line  pulser  is  obtained  from 
a 20  kV,  32  kW  dc  supply.  Ignitrons  are  used  as  switching  and  pulse 
clipping  elements  in  the  line  pulser. 

A stainless  steel  vacuum  chamber  contains  the  electron  gun.  The 
electron  beam  is  extracted  through  a water-cooled  window  of  0.001-in. 
aluminum.  A 6-in.  oil  diffusion  pumping  system  without  a baffle  or 
trap  is  used. 

Measured  quantities  included  the  following: 

a)  Power  supply  voltage  (dc) , . 

b)  Power  supply  current  (dc) . 

c)  PFN  pulse  current. 

d)  Gun  cathode  voltage,  V . 

K 

e)  Gun  cathode  current,  I . 

K 

f)  Gun  grid  voltage,  V . 

g)  Gun  grid  current,  1^, . 

h)  Post  foil  beam  current,  I ... 

i)  Post  foil  beam  current  density. 

Voltage  and  current  monitors  and  probes  used  to  measure  these 
parameters,  and  other  test  equipment  including  cellophane  dosimeters 
are  described  in  Section  3A  of  the  Appendix. 
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2.  Line  Pulser 


The  line  pulser  shown  schematically  in  Figure  A-2 
of  the  Appendix  was  reconnected  as  shown  in  Figure  24.  Each  0.22-..F 
capacitance  in  the  PFN  consists  of  five  0.044-pF  capacitors  connected 

1 /2 

in  parallel.  The  pulse  impedance  of  the  PFN  Z = (L/C)  = 4.56  ohms 

In  this  configuration,  the  nominal  specifications  of  the  line  pulser, 
including  the  pulse  transformer,  are  as  follows: 


Line  impedance 

Output  voltage  (maximum  into 
matched  load) 

Pulse  duration  ( FWHM) 

Pulse  rate  (maximum) 

Duty  (maximum) 

Average  power  (maximum) 


4.56  ohms 

290  kV 
12  i sec 

125  sec"1 
0.36 
32  kW 


Figure  25  shows  the  PFN  voltage  with  the  line  operating  at  approxi- 
mately 50  sec  1 and  with  the  high  voltage  (HV)  dc  supply  set  at  5 kV. 

It  can  be  seen  that  the  total  voltage  swing  during  charging,  produced 
by  the  series  L-C  circuit  consisting  of  the  8 H charging  inductor  and 
the  L and  C of  the  PFN,  is  8250  V.  The  charging  time  is  approximated 
8 msec,  which  permits  full  charging  of  the  line  for  pulse  rates  to 
approximately  125  pps.  From  this  measurement,  the  resonant  charging 
ring-up  factor  was  calculated  to  be  8250/5000  — 1.7. 


This  gives  a total  ring-up  factor  referred  to  the  secondary  of 
the  1:17.5  pulse  transformer  of  approximately  1.7  X 17.5  = 29.4;  hence, 
for  example,  a 10-kV  dc  voltage  results  in  147  kV  at  the  output  of  the 
pulse  transformer  coupling  the  PFN  to  the  gun,  when  the  gun  impedance 
is  matched  to  the  line  impedance. 


The  PFN  voltage  is  switched  into  the  transformer  by  a single 
NL2458  mercury  ignitron;  a single  tube  of  the  same  type  is  used  to  clip 
reverse  voltages  due  to  PFN  line  reflections.  The  turn-on  ignitron  is 
triggered  by  a pulse  from  the  thyratron  pulse  chassis  described  in  the 
Appendix.  This  pulse  is  stepped-up  by  the  1:10  pulse  transformer  at 
the  ignitor  of  the  ignitron. 
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Figure  24.  Line  pulser  schematic  diagram. 


PFN  VOLTAGE:  5 kV/DIVISION 
20  msec/DIVISION 


Figure  25.  PFN  charging  waveform,  50  pps 
HV  dc  supply  set  for  5 kV. 

The  plate  branch  of  the  clipper  ignitron  has  5 UDF5  diodes  in 
series.  These  diodes  are  extremely  important  for  the  correct  operation 
of  the  circuit.  If  they  are  not  in  the  circuit,  the  HV  dc  prevents 
the  clipper  tube  from  turning  off.  As  can  be  seen  in  Figure  24,  after 
the  clipper  turns  on,  there  is  a dc  current  path  from  the  HV  dc  supply 
through  the  charging  inductor  to  the  cathode  of  the  ignitron,  then 
through  the  ignitron  and  pulse  transformer  primary  winding  to  ground. 
Before  tiie  diodes  were  installed,  the  clipper  ignitron  would  "latch-up," 
and  the  circuit  breaker  in  the  HV  dc  supply  would  open  because  of  the 
excess  power  being  consumed.  There  have  been  no  problems  of  this  type 
or  any  failures  of  the  UDF5  diodes  since  their  installation. 

Figure  26  shows  a set  of  waveforms  including  the  current  flowing 
through  the  clipper  ignitron.  These  waveforms  correspond  to  a particu- 
lar gun  configuration  which  produced  gun  oscillations  and  which  will  be 
discussed  further  in  Section  V B.  At  this  point,  only  the  last  wave- 
form, the  clipper  current,  and  the  fact  that  it  begins  at  approximate!-- 
14  ' sec  in  this  case  are  noted.  The  Figure  26  shows  that  at  14  sec 
the  principal  gun  pulse  has  ended. 

3.  Electrode  Configurations 

Figure  A-5  of  the  Appendix  is  a photograph  of  the 
inside  of  the  electron  gun.  It  shows  the  cathode  support  electrode, 
focussing  electrodes,  and  focus  electrode  support  rings  used  during  the 
first  phase.  This  structure  was  converted  to  a triode  geometrv  by 
removing  the  focus  electrodes  shown  and  using  the  supporting  rings  to 
support  the  grid  assembly.  New  focus  electrodes  were  then  supported 
directly  from  the  cathode  support. 
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Hie  triode  geometry  is  shown  in  Figure  27;  the  numbered  components 
are  identified  in  fable  3.  The  new  focus  electrode  geometries  are  shown 
in  figure  28;  Table  4 gives  the  dimensions  which  define  the  electrode 
geometries.  Cathode-grid  spacings  were  changed  by  raising  or  lowering 
the  cathode  support.  The. grid  was  always  concentric  witli  the  vacuum 
chamber. 

For  some  measurements,  aluminum  sheets  were  installed  directly  on 
the  grid  on  order  to  form  an  aperture  to  define  the  electron  beam  area 
at  the  grid.  The  position  of  these  plates  is  indicated  in  the  diagram 
of  Figure  27.  The  width  of  the  open  area  of  the  aperture  is  denoted  by 
dimension  "A.”  In  all  cases  except  one,  the  aperture  slit  was  aligned 
parallel  to  the  cathode.  The  exception  was  Configuration  5-N-2A,  for 
which  azimuthal  slit  was  positioned  at  the  gun’s  midplane. 

The  focus  electrodes  were  supported  by  ceramic  insulators  fastened 
to  metal  straps  which  fit  over  the  cathode  suppor t . Corona  balls  and 
rings  were  used  at  the  ends  of  the  electrodes  and  insulators  in  order 
to  control  emission  from-  the  otherwise  sharp  edges  at  these  points. 

B.  Repetition  Rate,  Pulse  Length  and  Impedance  Collapse 
1.  Repetition  Rate 

All  of  the  measurements  during  the  second  phase 
program  were  consistent  with  the  conclusions  regarding  repetition 
rate  which  were  stated  in  the  Appendix.  Repetitive  pulsing  in  the 

range  of  50  to  125  sec  \ and  probably  to  rates  above  1000  sec  \ is 
adequately  described  as  a repeated  number  of  single  pulses;  no  new 
physical  phenomena  are  introduced. 

The  important  factors  related  to  repetitive  pulsing  are  the 
cathode  deterioration  caused  by  the  accumulated  effects  of  a large 
number  of  shots,  and  average  power  related  effects  such  as  vacuum 
gassing  and  power  supply  component  lifetime. 

In  the  Appendix,  tantalum  cathode  lifetime  was  estimated  to  be 

106  to  10 / shots;  thus,  as  expected,  no  changes  in  gun  performance 
which  could  be  attributed  to  cathode  wear  were  observed  during  the 
second  phase. 

In  order  to  avoid  the  effects  of  vacuum  gassing,  the  system  was 
usually  operated  in  a burst  mode  with  each  hurst  containing  typically 
7 or  14  pulses.  The  bursts  were  frequently  repeated  every  few  seconds. 
For  example,  when  making  the  beam  uniformity  measurements  with  the 
cellophane  dosimeter,  typically  between  20  and  60  seven-pulse  bursts 
were  fired  with  not  more  than  5 sec  between  bursts. 
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TABLE  3.  KEY  TO  COMPONENTS  OF  ELECTRON  GUN 
SHOWN  IN  FIGURE  27 


- SCREEN  GRID 


CONFIGURATION  0 


3 in.  DIAMETER 


STAINLESS 

STEEL 

4 in.  DIAMETER 


Component 

No. 


Cathode  holder  and  electric  field  shaping  electrode.  3-in. 
diameter . 

Grid  support  ring.  One  ring  at  each  end  of  grid.  15-in. 
outside  diameter  (OD) , 11.25-in.  inside  diameter  (ID). 

Cathode.  Tantalum,  0.0003-in.  thick  X 0.5-in.  wide  (typical 
(typical)  X 18-in.  long  . 

Vacuum  chamber.  23.5-in.  ID. 

Anode  screen.  2 mesh  X 0.050-in.  diameter  wire. 

Transparency  81%. 

Water  cooled  electron  beam  window.  Support  rib  transparency 
69%.  Foil  is  0.001-in.  aluminum. 

Grid.  8 mesh  X 0.029-in.  diameter  wire.  Transparency  607. 
Grid  diameter  12  in. 

Grid  aperture  sheets.  Aluminum.  Aperture  width  "A." 

Focus  electrodes  (representative) . Figure  28  gives  focus 
electrode  dimensions. 


Figure  28.  Focus  electrode  dimensions  (a). 


COPPER  STRAP 


2.5  x 1 in.  DIAMETER  CERAMIC  ROD 


COPPER  TUBE 
1 in.  DIAMETER 


CONFIGURATION  1 


CONFIGURATION  2 


Figure  28.  Focus  electrode  dimensions  (b) . 


TABLE  4.  ELECTRODE  CONFIGURATIONS  OF  FOCUS  ELECTRODE 
SHAPES  SHOWN  IN  FIGURE  28  (a)  AND  (b) 


Description 

Cathode-Grid 
Spacing  (cm) 

Focus  Electrode 
Configuration 

Grid  Aperture 
(cm) 

10-0-21.6 

10 

0 

21.6 

5-N-11.4 

5 

None 

11.4 

5-1-11.4 

5 

1 

11.4 

10-N-ll .4 

10 

None 

11.4 

10-N-0 

10 

None 

Opaque  Grid 

10-N-2 

10 

None 

2 

10-N-2A 

10 

None 

2 (Azimuthal  slot) 

10-N-0.5 

10 

None 

0.5 

10-N-3.8 

10 

None 

3.8 

10-2-3.8 

10 

2 

3.8 

The  gun  power  supply  had  adequate  average  power  capability  so 
that,  with  one  exception,  problems  with  repetitive  pulse,  high  average 
power  operation  were  not  encountered.  The  one  exception  was  the  grid 
resistor.  These  were  liquid  resistors  made  from  0. 5-in.  ID  Tygon 
tubing  filled  with  an  aqueous  solution  of  CuSO,  or  NH, Cl,  depending 

on  the  required  resistance.  On  several  occasions,  grid  resistors  were 
destroyed  by  running  at  high  repetition  rates  with  too  frequent  bursts. 
The  failure  mode  was  heating  of  the  solution,  leading  to  vaporization 
and  expansion  which  finally  caused  the  Tygon  tubing  to  rupture. 

This  problem  can  easily  be  avoided  in  future  systems  by  design- 
ing grid  resistors  with  sufficient  power  handling  capacity. 


The  grid  resistor  would  also  change  resistance  values  slightly 
during  a burst,  but  the  change  was  generally  negligible. 


The  SFfa  filled  series  spark  gap  used  as  a voltage  peaking  switch 

between  the  pulse  transformer  and  the  gun  performed  satisfactorily  over 

the  entire  range  up  to  125  sec  ^ . It  was  generally  set  at  a pressure 

of  20  psig  corresponding  >_o  a measured  self-firing  voltage  of  250  kV. 

It  had  been  hoped  that  it  would  be  possible  to  operate  without  the 

voltage  peaking  switch,  but  this  was  not  found  to  be  feasible.  As 

explained  in  Section  3B  of  the  Appendix,  a fast  rising  voltage  pulse 

is  necessary  to  produce  uniform  multiple  initial  emission  sites  along 

the  length  of  the  cathode.  When  the  SF.  pressure  was  lowered  so  that 

6 


61 


the  yap  self-fired  below  100  kV,  emission  was  erratic  and  non-uniform. 
Visual  observation  of  the  cathode  showed  that  instead  of  several 
emission  sites  per  centimeter  (the  case  for  the  250  kV  self-breaking 
setting),  only  one  or  two  sites  were  formed  along  the  entire  46-cm 
cathode.  L'hus,  it  appears  that  a peaking  switch  will  be  required  on 
future  systems,  because  it  seems  unlikely  that  pulse  transformers  or 
other  tvpes  of  power  supplies  will  be  able  to  supply  a sufficiently  fast 
rising  pulse  without  a peaking  device  in  the  circuit. 

Other  than  the  previously  described  effects,  repetition  rate  had 
little  observable  effect  on  the  gun  operation  or  pulse  characteristics. 

2.  Pulse  Length  and  Impedance  Collapse 

An  important  issue  in  cold  cathode  gun  technology  is 
whether  the  maximum  pulse  length  that  can  be  obtained  is  satisfactory 
for  the  specific  laser  application.  The  pulse  length  limitation  is 
caused  by  "impedance  collapse,"  the  decrease  in  the  gun's  space-charge 
impedance,  as  plasma  created  at  the  cold  cathode  surface  moves  toward 
the  anode. 

This  phenomenon  has  been  described  by  many  investigators.  It  is 
found  that  the  speed  of  impedance  collapse  varies  slightly  depending 
upon  the  materials  used  for  constructing  the  gun;  the  collapse  "speed" 
range  is  from  approximately  0.8  to  8 cm/j.sec.  For  example,  a minimum 
anode-cathode  spacing  of  approximately  20  cm  would  be  required  for 
10-.  sec  pulses  from  a cold  cathode  diode,  if  the  diode  collapse  speed 
were  2 cm/ysec.  After  impedance  collapse,  the  voltage  across  the  diode 
is  very  small  and  the  diode  current  large.  However,  because  of  the  low 
voltage,  electrons  will  not  have  sufficient  kinetic  energy  to  penetrate 
the  window  foil  and  no  external  beam  current  will  be  observed. 

The  measurements  taken  here  with  triode  guns  during  this  phase  of 
the  program  have  produced  some  gun  behavior  not  previously  observed, 
but  consistent  with  impedance  collapse  speeds  in  the  preceding  range. 

As  Table  4 and  Figure  28  indicate,  the  grids  used  were  a 10-cm 
cathode-grid  spacing  and  an  unapertured  grid  with  focus  electrodes  which 
were  an  integral  part  of  the  grid  assembly. 

Figure  29  shows  a typical  set  of  waveforms  for  this  configuration 
(10-0-21.6) . The  cathode  voltage  monitor  at  the  time  of  these  measure- 
ments was  on  the  pulse  transformer  side  of  the  peaking  switch;  therefore, 

the  trace  labelled  V actually  shows  the  voltage  pulse  at  the  transformer 
K 

output  prior  to  the  time  the  peaking  switch  fires  and  then  the  vcltage  on 
the  cathode.  The  trace  shows  that  the  voltage  rose  to  approximately  235 
and  then  dropped  to  approximately  165  kV  when  the  switch  fired. 


VG.  120  kV/DIVISION 


lG.  40  A/DIVISION 


'cod'  2 a/division 

'clipper  UNCALIBRATED 


Figure  29. 

R;  = 3 k , 


Cun  waveforms,  configuration  10-0-21 
50  pps,  7 pulses,  10  sec/division. 
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All  the  waveforms  in  Figure  29  have  pulse  lengths  (full  width  half 
miximum  [FVItlM])  of  11  to  12  (.sec.  Al  the  time  of  the  measurements,  it 
was  thought  that  this  was  a good  indication  that  the  impedances  were  not 
collapsing  in  less  than  this  time,  which  corresponds  approximately  to 
the  PFN  pulse  length. 

The  beam  collector  trace  in  particular  was  taken  as  evidence  that 
the  impedance  was  maintained.  This  collector  is  an  aluminum  plate  which 
is  mounted  1 cm  from  the  window  foil  to  collect  the  entire  beam  current 
after  it  passes  through  the  foil.  Collector  voltage  is  read  across  a 
resistor  (typically  1 to  10  ohms)  connected  between  the  collector  and 
ground.  Even  though  the  indicated  beam  current  was  small  (~2  A),  if 
the  impedance  had  collapsed  during  the  voltage  pulse,  the  beam  electrons 
would  not  have  continued  to  pass  through  the  foil  for  the  full  10  to  11 
psec . 


Previous  experience  with  diode  guns  influenced  the  investigations 
done  here.  It  is  now  suspected,  based  on  observations  described  in  the 
following  paragraphs,  that  the  impedance  in  the  cathode-grid  region  may 
not  have  been  maintained  as  well  as  the  investigators  though t at  the  time 

The  difference  in  voltage  between  the  grid  and  cathode  at  the 
beginning  of  the  pulse  is  very  small,  approximately  10  kV,  and  may  be 
the  same  after  approximately  5 psec,  although  it  is  difficult  to  resolve 
the  traces  with  sufficient  accuracy  to  be  certain  of  the  voltage  differ- 
ence. 


These  early  triode  measurements  also  introduced  the  phenomenon  now 

called  the  "lost  current  problem."  The  current  waveforms  of  Figure  29 

show  that  at  the  beginning  of  the  pulse  (for  example)  the  cathode  is 

I = 80  A,  I = 34  A,  and  I , , — 2 A.  Even  accounting  for  window  rib 
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and  anode  screen  transparency  (^0.69  net)  and  foil  absorption,  there  is 
still  roughly  40  A,  or  50%  of  the  cathode  current  which  has  been  "lost." 
The  assumption  then  was  that  this  current  was  hitting  the  anode  plane 
outside  of  the  window  area,  or  that  there  was  current  flowing  directlv 
from  the  plasma  in  the  grid-cathode  region  to  the  ctiamber  walls.  The 
latter  current  is  denoted  "1^"  in  the  analyses  of  Section  IV. 

It  was  also  suspected  that  emission  was  occurring  from  portions  of 
the  cathode  holder,  and  was  not  confined  to  the  tantalum  cathode  blade. 
However,  this  was  eliminated  as  a possibility  by  removing  the  Ta  cathode 
foil  and  pulsing  the  gun.  All  of  the  diagnostics  indicated  that  no 
current  was  flowing  in  the  gun;  it  appeared  to  be  a fully  open  circuit 
and  it  held  the  pulse  voltage  (;-160  kV  for  the  test)  for  the  full  pulse 
length . 


Configuration  5-N-11.4  was  installed  to  get  a better  definition  of 
where  current  was  flowing.  The,  grid/focus  electrode  configuration 
10-0-21.6  was  replaced  with  a cylindrical  grid  structure  without  focus 
electrodes.  Most  of  the  grid  was  made  opaque  by  installing  aluminum 
sheets  directly  on  the  grid,  leaving  a longitudinal  aperture  11.4-cm 
wide  directly  in  line  with  the  cathode  (Figure  27) . 

The  relatively  small  spacing  of  5 cm  was  used  for  two  reasons: 

First,  previous  work  with  large  beam  area  diode  guns  and  triode  con- 
figurations showed  impedance  collapse  speeds  less  than  0.9  cm/psec,  and 
in  the  interest  of  gun  compactness,  the  smallest  cathode-grid  spacing 
was  required  which  could  produce  10  i^sec  or  longer  beam  pulses.  Secondly, 
the  cathode-grid  geometry  with  small  spacing  was  more  approximately  pla- 
nar than  with  larger  spacings,  and  it  was  expected  that  the  space-charge 
limited  current  could  be  checked  against  results  from  other  guns. 

Figure  30  shows  waveforms  representative  of  this  configuration. 

The  cathode  voltage  monitor  has  now  been  moved  to  the  gun  side  of  the 
peaking  switch;  therefore,  the  voltage  waveform  now  shows  only  the  volt- 
age applied  to  the  cathode. 

Instead  of  increasing  the  ratio  I /I  , the  new  configuration  decreased 
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it;  however,  it  also  gave  indications  that  the  overall  efficiency 
Ic  /I  has  improved,  although  the  transmitted  current  pulse  was  very 

peaked  due  largely  to  the  drop  in  electron  kinetic  energy  during  the 
pulse.  At  t — 4 .sec,  (just  before  the  abrupt  change  in  cathode  volt- 
age), I - 140  A and  I - 34  A.  The  beam  current  peak  I . — 4.4  A, 
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iftei  t erection  gives  I 13  A.  Therefore,  I ,/I  “ 0.24  and 

(Ic+12)/Ik-0.34. 

Comparison  of  Figures  29  and  30  shows  little  change  in  the  gun 
pulse  lengths.  There  is,  however,  an  abrupt  decrease  in  the  waveforms 
of  Figure  30  at  t — 4 , sec  not  seen  in  Figure  29.  At  t — 8 |.sec, 

I ./I  — 24  180  - 0.13,  and  (I  + I ) I ^ 0.17.  This  was  interpreted 

as  indicating  expansion  of  the  grid-cathode  plasma,  and  increassd  current 
flow  (1^)  directly  from  the  cathode  to  ground  in  the  upward  direction 

between  the  grid  and  cathode  support  (Figure  27). 

To  eliminate  this  path  for  lost  current  and  to  focus  the  beam  in 
the  forward  direction,  the  focus  electrodes  were  installed  as  shown 
in  Table  4 and  Figure  28  as  configuration  5-1-11.4.  Waveforms  from 
this  configuration  displayed  the  high  frequency  oscillations,  beginning 
at  t — 4 ,.sec,  seen  in  Figure  26.  The  oscillations  start  at  a slightly 
later  time  than  when  the  abrupt  decrease  in  cathode  voltage  occurred 
for  configuration  5-N-11.4  as  shown  in  Figure  30. 
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Figure  30.  Gun  waveforms,  configuration  5-N-ll 
H,  = 3 k , 50  pps,  7 pulses,  10-psec/d ivision 
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Figure  31  shows  waveforms  similar  to  Figure  26  except  the  20 -101  z 
filters  have  been  used  to  reduce  the  oscillation  on  Lhe  cathode  voltage 
and  current  waveforms.  By  displaying  the  oscillations  witli  a faster 
oscilloscope  sweep  speed,  it  was  found  that  the  period  was  approximatcl . 
8 nsec,  or  at  a principle  frequency  of  approximately  125  MHz.  The 
oscilloscope  used  for  the  grid  waveforms  could  not  respond  to  this  fre- 
quency and  the  grid  waveforms  during  the  oscillations  are  not  meaning- 
ful . 

It  is  now  believed  that  the  oscillations  began  when  the  impedance 
in  the  cathode-grid  region  collapsed,  thus  bringing  the  grid  and  cathode 
to  approximately  the  same  voltage.  The  oscillations  were  probably  pre- 
sent in  the  previous  configuration  5-N-11.4  but  without  the  focus  elec- 
trodes in  place,  the  coupling  between  cathode  and  grid  was  not  as  strong 

These  parasitic  oscillations  appear  to  be  related  to  stray  capaci- 
tances and  inductances  of  the  circuit  because  the  known  lumped-element 
values  of  circuit  inductance  and  capacitance  do  not  provide  a circuit 
loop  with  the  correct  high  frequency  response.  For  example,  for  an 
assumed  loop  inductance  (grid  and  cathode  feeds,  etc.)  of  1 pH,  a series 
capacitance  of  1.6  pF  is  required. 

Another  possible  explanation  is  that  the  oscillations  are  related 
to  oscillations  of  the  plasma  electrons;  125  MHz  corresponds  to  a plasma 

8 “3 

electron  density  of  approximately  1.9-10  cm 

The  magnitudes  of  the  changes  which  occur  in  the  various  voltages 
and  currents  at  the  time  of  grid-cathode  impedance  collapse  depend  on 
the  circuit  conditions  prior  to  the  collapse.  For  example,  the  cathode 
voltage  before  impedance  collapse  depends  on  the  PFN  pulse  charge  and 
the  ratio  of  gun  input  impedance  to  line  PFN  impdeance,  (V  /V  ) 

I 1 . ^ 

= (1  + Z /Z  ) . (Z  is  referred  to  the  transformer  secondary). 

FFN  K PFN 

If  Z changes  little,  or  if  Z /Z  « 1 before  and  after  impedance 
collapse,  the  change  in  will  be  small.  Figures  31  through  33  show 
traces  for  the  same  configuration  and  PFN  charge  voltage,  but  different 


Table  5 lists  some  of  the  parameters  calculated  from  the  data  in 

these  figures.  It  can  be  seen  that  Z changes  very  little  for  the  case 

K 

of  Figure  33;  V has  a correspondingly  small  change.  None  of  these  throe 
K 

cases  corresponds  to  Zpp^/Z^.  « 1;  in  general,  an  attempt  is  made  to 

match  Z„„„  — Z.  for  efficient  operation  of  the  svstan. 

PFN  K 
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Figure  32.  1 un  waveforms,  configuration  5-1-11.4, 
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TABLE  5.  VOLTAGE,  CURRENT  AND  IMPEDANCE  FROM  WAVEFORMS 
OF  FIGURES  31  THROUGH  33 


Figure  31 

Figure  32 

Figure  33 

Before 

After 

Before 

After 

Before 

After 

Cathode  Voltage,  V (kV) 
K 

179 

92 

125 

65 

46 

41 

Cathode  Current,  I (A) 
K 

72 

56 

85 

92 

108 

116 

Gun  Input  Impedance,  Z 

(k  ) 

2.48 

1.64 

1.49 

0.710 

0.430 

0.350 

Grid  Voltage,  V (kV) 

(j 

144 

108 

96 

66 

45 

30 

Grid  Current,  I^,  (A) 

5.4 

3.2 

10 

7.2 

38 

31 

Grid  Impedance,  R (k  ) 

26.7 

33.8 

99.6 

9.2 

1.2 

0.97 

Anode  Current  in  Gun,  I^ 
(A)  (from  corrected 
collected  beam  current) 

32 

32 

— 

— 

— 

--- 

Note:  V,  = 10  kV,  50  pps,  7 pulses,  configuration  5-1-11.4. 
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A very  interesting  aspect  of  grid-cathode  impedance  collapse , and 
an  effect  that  is  very  different  from  impedance  collapse  in  a diode  gun, 
is  the  transmitted  beam  current  behavior.  When  the  impedance  of  a diode 
gun  collapses,  the  beam  is  terminated  because  there  is  no  longer  an 
electron  accelerating  voltage  in  the  gun.  Inatriode  gun,  however, 
when  the  grid-cathode  impedance  collapses,  there  is  still  the  possi- 
bility, depending  on  gun  and  circuit  parameters,  for  the  grid  and  . at  :e 
to  remain  at  a high  voltage  for  the  entire  duration  of  the  pulse.  Elec- 
trons from  the  grid-cathode  plasma  which  pass  through  the  grid  are  still 
accelerated  toward  the  anode  and  if  the  voltage  is  high  enough  (above 
approximately  100  kV  for  1-mil  aluminum  windows),  the  beam  will  pene- 
trate the  window.  This  effect  is  clearly  seen  in  the  I ,,  traces  of 

coll 

Figures  31  through  33.  In  Figure  31,  the  beam  current  continues  to 
increase  with  cathode  voltage  and  current  until  the  impedance  collapse 
at  t — 4 , sec.  It  then  takes  a sharp  dip  but  increases  again  as  the 
plasma  continues  to  expand  and  the  cathode  voltage  rises.  In  contrast, 
in  Figure  33  the  cathode  voltage  is  too  low  before  and  after  impedance 
collapse  and  a beam  is  not  collected  at  any  time. 
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The  sharp  dip  in  the  beam  current  seen  in  Figure  3L  is  apparently 
due  entirely  to  attenuation  by  the  foil  and  collector  backscatter,  which 
vary  dramatically  as  a function  of  beam  kinetic  energy.  As  Table  5 
shows,  after  the  collected  current  is  correc ted  for  window  transmission 
and  collector  backscatter,  it  appears  that  the  current  I incident  on 

the  inside  of  the  anode  has  the  same  value,  I.,  — 32  A,  immediately 

before  and  after  the  grid-cathode  impedance  collapse. 

Even  more  interesting  is  the  increase  in  the  ratio  I„/I  . For 

J.  K 

Figure  23,  just  before  impedance  collapse  is  complete,  I — 5.4  A, 

I.,  — 32  A,  and  I — 80  A.  Thus,  the  focus  electrodes  have  greatly 

reduced  the  "sidewise"  current  to  the  grid,  and  redirected  it  toward 
the  anode,  as  they  were  intended  to  do.  After  impedance  collapse,  the 
grid  no  longer  controls  the  beam.  The  grid  resistor  is  then  effectively 
connected  between  the  cathode  and  ground  and  loading  down  the  line  pul- 
ser . 

l'he  next  electrode  configuration  studied,  10-N-11.4,  had  doubled 
grid-cathode  spacing  (10  cm),  no  focus  electrodes,  and  the  same  11.4-cm 
grid  aperture.  This  configuration  was  only  studied  briefly  before  a 
plate  was  installed  to  close  the  aperture  completely.  The  reason  for 
doing  this  was  an  attempt  to  define  as  closely  as  possible  where  the 
current  was  flowing  in  the  gun.  With  the  grid  opaque,  there  were  only 
two  possibilities:  either  it  flowed  to  the  grid  or  from  cathode  to 

chamber  wall  as  "lost"  current.  With  a grid  aperture,  there  were  two 
additional  paths:  through  the  window  and  to  the  anode  but  outside  the 

window  area.  The  former  could  be  measured,  but  not  the  latter. 

As  the  waveforms  of  Figure  34  show,  the  impedance  collapse  no 
longer  occurred  at  t — 4 , sec  with  the  10-cm  spacing.  It  appeared 
that  the  full  required  pulse  length  was  now  greater  than  10  i sec , so 
the  subsequent  measurements  were  all  taken  with  a 10-cm  grid-cathode 
spacing.  The  emphasis  in  these  experiments  was  on  current  measurements; 
they  are  desciibed  in  the  following  sections. 

C.  Beam  Control 

1.  Beam  Shape 

The  beam  shape  is  important  for  two  reasons.  First,  there 
is  the  need  for  the  beam  to  create  uniform  ionization  throughout  the 
volume  of  the  laser  discharge  cavity.  Secondly,  a beam  which  just  fills 
the  window  is  essential  to  build  a high  efficiency  gun.  Many  of  the 
2 

smaller  (10  X 100  cm  ) diode  guns  have  been  very  inefficient,  in  part 
due  to  a beam  area  which  is  much  larger  than  the  window.  Some  of  the 

2 

larger  guns  (35  < 200  cm  ) in  which  the  beam  area  better  matches  the 
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In  addition  to  the  preceding  reasons  for  wanting  a well-defined 
beam  shape,  there  is  also  a need  to  know  the  total  beam  area  in  order  to 
correlate  measurements  and  calculations.  For  example,  in  trying  to 
understand  the  "lost  current"  problem,  it  is  necessary  to  know  whether 
the  beam  area  was  greater  than  the  window  area.  In  order  to  correlate 
the  beam  current  with  the  cathode-grid  voltage,  the  current  density 
at  the  grid  must  be  known. 


The  diagnostic  tool  for  time  integrated  measurements  of  the  beam 
current  density  was  a blue  cellophane  foil  which  was  purchased  from 
Simulation  Physics,  Inc.  The  foil  was  placed  against  the  outside  of 
the  gun's  1-mil  aluminum  foil  window.  The  blue  color  was  bleached 
from  the  cellophane  in  proportion  to  the  energy  deposited  by  the  elec- 
tron beam.  Scanning  the  cellophane  with  a densitometer  then  gave  a 
profile  of  relative  beam  current  density.  The  cellophane  was  not  cali- 
brated for  response  as  a function  of  electron  energy;  hence,  only  rela- 
tive measurements  were  made. 


The  apertures  used  at  the  grid  have  already  been  described.  They 
allowed  definition  of  the  effective  area  to  the  grid,  and  determination 
of  the  degree  of  beam  spreading  between  the  grid  and  the  window. 


In  order  to  calculate  the  current  density  inside  the  gun  from  the 
measured  current  density  outside  the  window,  it  is  necessary  to  account 
for  absorptinn  by  the  anode  screen,  foil  support  ribs,  window  foil,  and 
air  between  the  window  and  the  detector.  A correction  must  be  made  for 
backscatter  from  the  foil  and  from  the  collector.  The  anode  screen  and 
rib  transmission  factor  can  be  adequately  calculated  from  their  shapes 
and  sizes;  their  net  transmission  for  these  experiments  was  (0.60) 
(0.81)  = 0.49.  The  other  factors  depend  on  the  kinetic  energy  of  the 
incident  beam  electrons.  The  net  correction  factor  was  obtained  for 
the  foil,  1 cm  of  air,  and  an  aluminum  collector  plate  by  using  a Monte 
Carlo  code.  The  calculation  was  made  at  25-keV  increments  between  100 
and  250  keV.  The  resulting  net  correction  curve,  which  includes  anode 
screen  and  ribs,  and  backscatter,  is  shown  in  Figure  35. 


To  use  Figure  35,  it  is  necessary  to  know  the  accelerating  voltage. 
Correction  factors  have  already  been  used  from  the  curve  in  discussing 
data  in  previous  sections. 


The  first  measurement  with  the  cellophane  dosimeter  was  with  the 
gun  in  configuration  10-N-2A,  in  which  the  grid  aperture  was  an  azimuthal 
slot  2-cni  wide  in  the  direction  parallel  to  the  cathode.  Figure  36  shows 
the  resulting  profile  parallel  to  the  cathode.  It  is  seen  that  the  beam 
spreads  in  the  longitudinal  as  well  as  the  transverse  direction,  the  2-cm 
wide  slot  having  produced  a beam  of  3.6-cm  FWHM.  The  causes  for  longi- 
tudinal spreading  are  presumably  scattering  by  the  grid  and  anode 
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screen  wires  and  foil,  and  perhaps  a lens  effect  caused  by  distortion 
of  the  electron  field  near  the  screen  wires  and  penetration  of  the  field 
through  the  screen. 

As  expected  because  of  the  cylindrical  geometry,  beam  spreading  is 
far  more  pronounced  in  the  dimension  transverse  to  the  cathode.  Figure  37 
shows  transverse  profiles  for  configuration  10-N-2  with  two  different 
cathode  voltages.  Figure  37  shows  that  the  FVJHM  did  not  change  signi- 
ficantly when  V,  was  doubled  from  7 kV  to  14  kV,  and  that  the  ratio 
dc 

of  beam  EWHM  (transverse)  to  grid  aperture  width  is  in  the  range  of 
3.5  to  4 for  this  geometry.  Similar  results  were  obtained  for  all  of 
the  configurations  studied. 

On  the  basis  of  the  results  shown  in  Figure  37  a 3.8-cm  wide  aper- 
ture was  installed  for  configuration  10-N-3.8,  because  it  was  estimated 
that  the  beam  should  just  fill  (transversely)  the  7-in.  (18-cm)  wide 
window.  Figure  38  shows  that,  approximately,  the  beam  did  fill  the 
window.  The  EHHM  is  14.6  cm. 


Finally,  the  entire  window  was  covered  with  a piece  of  cellophane 
and  scanned  along  the  paths  indicated  in  Figure  39.  The  resulting  pro- 
files are  shown  in  Figures  40  through  42. 

All  of  these  profiles  show  that  the  beam  is  very  uniform  over  most 
of  the  window  area.  It  should  be  recalled  that  the  cathode  is  17-in. 
(43-cm)  long  and  the  window  is  60-cm  long.  Figure  40  shows  that  there 
is  very  little  variation  of  density  for  the  full  cathode  length,  but 
that  the  beam  does  spread  in  the  longitudinal  direction  to  fill  com- 
pletely the  60-cm  long  window. 


The  transverse  profiles  of  Figures  41  and  42  show  that  the  trans- 
verse width  of  the  beam  fills  the  window  to  longitudinal  positions 
corresponding  to  the  cathode  ends  and  that  the  uniformity  is  good  over 
the  same  range. 


It  was  concluded  from  these  measurements  that  with  the  3.8-cm  aper- 
ture, almost  all  of  the  beam  current  was  hitting  the  window  area,  and 
that  for  purposes  of  calculating  the  current  density  from  the  collector 
plate  data,  an  effective  beam  area  corresponding  to  the  full  window 
2 

dimension,  ~1000  cm  could  be  used. 
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Figure  37.  Time  integrated  current  density  profiles, 
configuration  10-N-2,  = 7 kV  and  14  kV, 

jt  R(.  = 3 kO,  50  pps. 
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Figure  40.  Time  integrated  current  density  profile 
(longitudinal),  configuration  10-N-3.8  (key  to 
profile  shown  in  Figure  39) . 
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2.  Pulse  Shape  and  Beam  Current 

Study  of  the  pulse  shape  and  current  density  has 
been  complicated  by  the  problem  of  the  "lost  current"  first  discussed 
in  Section  V B2.  When  configuration  10-N-0  (opaque  grid)  was  installed 
to  investigate  the  relationship  between  cathode  current  and  current 

collected  by  the  grid,  V was  varied  from  140  kV  to  260  kv  and  R from 

K.  G 

approximately  1 kO  to  10  kv.  For  each  case  the  "lost  current"  was  cal- 
culated I = I - I , and  was  found  to  vary  widely  from  4 A to  18  A.  An 
3 K G 

attempt  was  made  to  find  a simple  correlation  between  I and  any  of  the 

other  gun  voltages  or  currents,  including  V , V , V - V , I and  I , 

G K K G K G 

but  a simple  relationship  could  not  be  found.  From  this  it  was  inferred 
that  the  phenomenon  must  depend  on  a complex  relationship  between  the 
electric  field  strength  and  gradient  and  the  distribution  of  plasma  in 
the  grid-cathode  space. 

Because  suppression  of  the  lost  current  was  of  interest  here  rather 
than  developing  a complicated  means  for  calculating  it,  the  foil  dosimeter 
measurements  were  made  and  focus  electrodes  were  installed  with  the 
objective  of  suppressing  the  lost  current  component.  It  was  thought 
that  by  placing  the  focus  electrodes  in  positions  which  blocked  line- 
of-sight  paths  from  the  grid-cathode  region  to  the  upper  half  of  the 
gun  chamber,  currents  would  be  prevented  from  flowing  in  those  direc- 
tions. 


Considering  tie  problem  from  the  standpoint  of  equipotential  dis- 
tributions, it  is  preferable  to  enclose  the  cathode  totally  within  the 
grid  to  eliminate  all  possibilities  for  any  current  to  flow  directly 
from  the  cathode  to  ground.  This  was  impossible  with  the  feedthrough 
geometry  of  the  experimental  system;  the  cathode  feedthrough  and  grid 
feedthroughs  all  came  through  the  top  of  the  chamber.  A system  with 
the  feedthroughs  at  the  ends  of  a cylindrical  gun  is  far  more  easily 
adapted  to  a geometry  with  the  grid  totally  enclosing  the  cathode. 

The  conceptual  gun  design  presented  in  Section  VI  follows  the  end- fed 
cylindrical  gun  approach. 

Figure  18  showed  the  waveforms  obtained  with  configuration  10-2-3.8 
and  = 10  kV.  Figure  43  shows  the  waveforms  for  the  same  electrode 

structure  when  = 14  kV.  Each  of  these  waveforms  (Figures  44  through 

48) and  others  in  this  report  show  consecutive  pulses  which  fall  within 
a narrow  amplitude-time  band,  and  usually  one  pulse  of  similar  shape  but 
lower  amplitude.  This  latter  pulse  is  the  first  pulse  in  the  burst;  it 
has  lower  amplitude  because  the  first  pulse  from  the  PFN  does  not  have 
the  full  ring-up  voltage  if  the  PFN  has  been  in  a fully  charged  condi- 
tion for  some  time  prior  to  firing  the  burst. 
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Figure  43.  Cun  waveforms,  configuration  10-2-3.8 
V.  = l-'i  kV,  R_  = 1940  ohms,  50  pps,  7 pulses. 
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Figure  45.  Measured,  calculated,  and  extrapolated  cathode  voltage  from  waveforms 
of  Figure  43. 


.gure  46.  Measured,  calculated,  and  extrapolated  cathode  current  from 
waveforms  of  Figure  43. 


Figure  47.  Measured,  calculated,  and  extrapolated  gun  impedance  from  waveforms  of 
Figure  43. 


gure  48.  Measured ,v calculated , and  extrapolated  beam  current  from  waveforms  of 
Figure  43. 


Pulse  shape  reproducibility  of  the  gun  waveforms  is  .enerallv  ver 
good;  however,  large  variations  appear  in  the  transmitted  current  pulse. 
Most  waveforms  shown  in  the  report  were  obtained  by  internallv  trigger- 
ing the  oscilloscope  from  either  the  V or  I signal,  and  using  a gate 

K K 

output  from  the  V , 1 oscilloscope  to  trigger  the  other  oscilloscopes. 

K k 

Ibis  method  provided  time  synchronization  of  the  waveforms  within  each 
set,  referenced  to  the  pulse  zero,  but  it  gives  no  information  regard- 
ing jitter. 

To  measure  pulse  jitter,  the  oscilloscopes  are  triggered  by  a pulse 

coincident  with  the  output  pulse  from  the  low-level  pulse  generator  used 

to  generate  the  pulse  train.  Figure  49  shows  a V waveform  for  a six- 

K 

pulse  burst  referenced  to  the  signal  generator  output.  It  shows  that 
the  typical  total  jitter  for  this  system  was  approximately  ±2.5  , sec. 
This  jitter  can  undoubtedly  be  greatly  reduced  by  better  triggering  of 
the  PFN  ignitrons,  or  by  replacing  them  with  thyratrons.  However, 
jitter  was  not  of  concern  in  the  present  program. 


Figure  49.  Cathode  voltage 

waveforms,  pulse  jitter 

measurement,  V,  7 kV, 
dc 

R,  = 2 k:  , 50  pps,  6 pulses. 

The  waveforms  of  Figure  18  are  compared  to  the  calculated  values 
in  Figures  19  through  23.  The  calculated  and  measured  waveforms  of 
V , V , and  I agree  reasonably  well  in  amplitude  and  shape,  except 

for  t < 2 (.sec,  although  V^.  and  V.  are  as  much  as  207=  lower  than  the 

calculated  value  at  times  during  the  first  10  psec.  The  generally 
rounded  (as  opposed  to  square)  shape  results  from  the  particular  combi- 
nation of  PFN,  pulse  transformer,  stray  impedances,  and  gun  impedance. 
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There  is  not  an  optimum  match  between  the  line  pulser  and  gun  impe- 
dance because  both  the  pulser  and  gun  were  constructed  by  modifying 
existing  components  of  the  S-Cubed  Repetitive  Pulse  Facility.  In 
Section  VI  an  identical  equivalent  circuit  approach  is  used  to  calcu- 
late the  response  of  a system  which  has  been  designed  with  a better 
impedance  match,  it  will  be  seen  that  the  waveforms  are  much  closer  to 
the  ideal  square  pulse. 

The  calculated  waveforms  for  V , I,,  and  V all  indicate  initial 

K.  K G 

peaks  which  are  not  seen  on  the  measured  waveforms;  the  largest  dis- 
crepancy  between  calculated  and  measured  waveforms  occurs  for  t < 2 sec 
and  is  due  to  this  peak.  It  is  believed  that  the  voltage  and  current 
monitors  correctly  measure  the  waveforms.  All  of  the  monitors  demon- 
strated risetimes  of  100  nsec  or  less  during  repeated  in-situ  calibra- 
tions. The  likely  explanation  for  the  differences  in  the  initial  por- 
tion of  calculated  andmeasured  waveforms  is  that  the  equivalent  circuit 
model  does  not  include  the  stray  capacitances  and  inductances  which  are 
important  for  the  early- time  response  of  the  gun. 

There  is  stray  capacitance  from  grid  to  cathode,  grid  to  ground, 
and  cathode  to  ground,  as  well  as  inductance  due  to  circuit  connections 
and  feedthroughs.  When  the  voltage  pulse  appears  at  the  cathode,  the 
grid-cathode  capacitance  must  be  charged  in  order  for  the  grid-cathode 
voltage  to  rise  to  the  calculated  value.  Likewise,  the  grid-ground 
capacitance  must  be  charged.  It  is  the  charging  of  the  stray  capacitances 
which  prevents  Che  appearance  of  the  initial  peaks. 


The  large  initial  peak  of  the  measured  post  foil  current  is  also 
partially  due  to  the  stray  capacitance  effects.  The  grid  to  cathode 
voltage  is  momentarilv  larger  while  the  grid  capacitances  are  charging, 
thus  a much  larger  Space-charge  current  can  be  drawn  from  the  cathode. 
As  the  stray'  capacitances  are  charged,  the  grid-cathode  voltage 
decreases  and  the  beam  current  also  decreases. 


The  interpretation  of  the  collected  current  vaveform  is  more  diffi- 
cult than  that  of  the  grid  and  cathode  waveforms.  The  necessity  for 
applying  a factor  to  account  for  transmission  loss  and  collector  back- 
scatter  has  already  been  discussed.  An  additional  factor  to  be  con- 
sidered is  the  divergent  beam  geometry  of  the  cylindrical  gun. 

Reference  to  Figure  27  and  Table  3 shows  the  ratio  of  grid-to-anode 
screen  radii  to  be  1:2  and  the  ratio  of  grid  radius  to  radial  position 
of  the  window  foil  to  be  1:2.8.  The  time-integrated  foil  dosimeter 
measurements  showed  the  ratio  of  grid  aperture  width  to  post  foil  beam 
FWHM  to  be  approximately  1:3.8.  In  Figure  23  the  measured  post  foil 
current  is  compared  to  the  current  calculated  by  applying  the  window 
and  anode  screen  correction  factor  to  the  calculated  beam  current  in  the 
gun. 


The  measured  pose  foil  beam  current  in  Figures  18  and  23  varies 
from  a peak  of  approximately  7 A at  t-  1 psec  to  a plateau  value  of 
2.5  to  3 A for  4 < t - 10  ..sec.  Taking  the  beam  area  to  be  1000 
2 

cm  gives  average  current  densities  during  the  pulse  ranging  from  7 to 
2 

2.5  mA/cm“.  These  values  are  related  to  the  total  current  being  supplied 
by  the  cathode  because  there  is  a large  component  of  "lost  current"; 
in  the  case  shown  in  Figure  18,  the  "lost"  current  is  approximately 
22  A at  t = 5 psec. 

Figure  43  shows  waveforms  similar  to  those  of  Figure  18,  but  for 
Vjc  = 14  kV  instead  of  10  kV.  Comparison  of  the  waveforms  in  Figures  43 

and  18  shows  that  the  general  features  described  previously  apply  equally 
well  for  both  cases. 

Figures  44  through  48  show  the  measured  waveforms  of  Figure  43 
and  the  corresponding  calculated  waveforms.  Agreement  between  the  mea- 
sured and  calculated  waveforms  is  not  as  good  for  the  V,  =14  kV  case 

dc 

shown  in  Figures  44  through  48  as  it  is  for  the  = 10  kV  case  of 

Figures  19  through  23.  It  seemed  that  in  general  the  agreement  was 
less  satisfactory  between  calculate.d  and  measured  cases  as  the  voltage 
was  increased.  This  might  be  explained  by  differences  in  the  details 
of  the  cathode  plasma  formation  and  subsequent  expansion.  The  calcu- 
lated gun  input  impedances  are  almost  constant  for  both  cases;  however, 
the  measured  value  for  Figure  18  only  varies  from  the  calculated  values 
by  approximately  ±87,,  whereas  for  Figure  43,  the  variation  ranges 
from  approximately  0 to  -227,  (at  t = 10  psec) . Even  the  latter  rather 
large  variation  is  acceptable  for  the  PFN  load  impedance. 

In  addition  to  the  measured  and  calculated  waveforms,  Figures  44 
through  48  each  have  four  additional  calculated  waveforms  representing 
different  extrapolations  of  the  measured  case.  Figures  50  through  54 
are  further  calculated  extrapolations. 

With  the  extrapolations,  insight  was  gained  into  how  the  system  would 
have  responded  had  suppression  of  the  "lost  current"  been  accomplished 
and  how  it  would  then  respond  with  different  values  of  grid  transparency 
or  grid  resistance. 

The  solid  curve  labelled  k = 0.87,  I_/I  = 0.34  is  the  calculation 

J K 

corresponding  to  the  measured  data.  The  factor  k was  calculated  per 

the  discussion  of  Section  IV  B 2 by  finding  the  ratio  of  grid  current 

to  cathode  current  less  lost  current,  at  t = 5 psec;  k = 1^/(1  - I ) . 

t,  K 3 

The  ratio  I_/I,,  indicates  the  fraction  of  total  current  not  accounted 
J k 

for  as  grid  or  beam  current.  The  curves  k = 0.87,  I, /I  =0.7  and  0 

J K 

therefore  show  the  expected  effect  if  the  lost  current,  I (J  is  reduced 
by  507,  and  completely  eliminated. 
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Figure  51.  Extrapolated  grid  voltage 


52.  Extrapolated  cathode  current  from  waveforms  of  Figure  43. 


Figure  54.  Extrapolated  beam  current  from  waveforms  of  Figure  43. 


As  the  curves  show,  reduction  of  I ^ increases  the  gun's  impedance, 

slightly  increasing  V and  decreasing  I . The  increase  in  beam  current 
K K 

however  is  less  than  expected,  because  the  grid,  being  self-biased, 
also  has  increased  voltage  which  limits  the  cathode  current.  The  beam 
current  remains  the  same  fraction  of  the  grid  current. 

Changing  the  grid  resistance  or  changing  k has  far  more  effect  on 
the  gun  response  as  shown  by  the  curves  for  k = 0.4  and  0.2.  The  gun 
impedance  decreases  substantially,  producing  a lower  cathode  voltage 
but  a much  higher  cathode  current  and  beam  current.  The  current  trans- 
mitted through  the  window  would  not  increase  proportionally  because  of 
the  lower  kinetic  energy  of  the  electrons,  resulting  from  the  lower 
cathode  voltage. 

The  general  shape  of  these  calculated  waveforms  is  not  significantly 
affected  by  changes  in  lost  current  or  grid  coupling.  As  the  compari- 
son of  measured  data  with  calculated  waveforms  showed,  these  calculations 
do  not  completely  model  the  dynamics  of  the  gun,  particularly  regarding 
the  initial  portions  of  the  pulses  and  effects  due  to  plasma  motion. 

The  extrapolated  waveforms  of  Figures  50  through  54  show  the  same 

behavior;  a much  stronger  dependency  on  grid  coupling  than  on  the  amount 

of  lost  current  I„.  The  curves  for  k = 0.4,  I, /I  = 0 are  interesting 
■j  J K 

because  they  correspond  to  the  circuit  values  which  would  be  used  for 
the  gun  in  this  configuration  if  there  were  no  lost  current  and  if  the 
effective  grid  opacity,  k,  were  equal  to  the  optical  opacity  of  the 
grid  screen,  k = 0.4.  The  beam  current  in  this  case  is  an  order  of  mag- 
nitude greater  than  the  beam  current  calculated  using  the  measured 
parameters  (k  = 0.87,  I. /I  = 0.34).  The  corresponding  peak  cathode 

voltage  as  approximately  130  kV,  so  the  net  effect  on  post-foil  beam 

current  would  be  an  increase  by  a factor  of  8.  If  this  gun  geometry 

were  physically  realized,  it  would  be  operated  at  a higher  PFN  charge 

voltage  and  probably  higher  R in  order  to  increase  the  cathode  voltage 

G 

and  improve  foil  transmission,  and  to  provide  a better  impedance  match 
between  line  pulser  and  gun. 

VI.  CONCEPTUAL  DESIGN  FOR  A 7.5-kW  BEAM  POWER  COLD 
CATHODE  GUN 

In  this  section,  the  design  parameters  are  set  forth  for  a 
multiple  pulsed  cold  cathode  triode  system  having  the  following 
parameters: 
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Cathode  Voltage 
Current  density  (post-foil) 

Pulse  duration 
Pulse  repetition  frequency 
Duty 

Beam  Size 

For  this  conceptual  design  the  triode  geometry,  grid  resistor 
values,  and  the  power  supply  design  will  be  indicated.  In  addition, 
scaling  parameters  and  limiting  features  will  be  described  to  allow 
design  of  guns  operating  at  various  other  current  densities,  pulse 
lengths  and  voltages. 

A.  Conceptual  Design  - Triode 

For  a given  accelerating  voltage,  the  anode  current 
density  in  a resistively  biased  triode  gun  can  be  adjusted  by  variation 
of  any  or  all  of  the  following  parameters 

1)  Cathode-grid  separation 

2)  Grid  resistance 

3)  Grid  opacity 

4)  Grid -anode  separation 

The  dependencies  of  these  parameters  have  been  shown  in  the  pre- 
vious sections. 

The  first  parameter  to  be  considered  in  the  design  of  a gun  is  the 
cathode-grid  separation.  There  are  two  conditions  that  will  determine 
the  separation  to  be  used.  First  the  separation  must  be  small  enough 
so  that  with  the  grid  at  ground  potential  (the  diode  case),  sufficient 
space-charge  limited  current  can  be  drawn  to  satisfy  the  maximum  current 
density  conditions.  This  means 

I 2 . 335  • 10_6(  1 - k,  ) ( 1 - k„)  V 3/2 

„ 1 2 o 
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25  mA/cm 
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100  sec-^ 

One  10-sec  burst  every 
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= cathode-grid  separation 
Vq  = cathode-grid  voltage,  grid  voltage  = 0 
k^  = grid  opacity 
'*2  = window  structure  opacity 
J = output  beam  current  density. 

The  second  condition  that  must  be  satisfied  deals  with  the  time 
to  spark  down  problem  inherent  in  all  self-ignited  cold  cathode  guns. 

A description  of  this  sparking  phenomenon  can  be  found  in  the  Appendix. 
The  time  to  spark  down  can  be  given  by  some  characteristic  velocity 
times  time.  The  limits  on  the  cathode -grid  separation  are  defined  to 
be 


Vt  < X < 

P 1 


2 . 335 - 10-6( 1 


- kL)(l  - k2)v3/2 

~ 


1/2 


(15) 


where  t is  the  pulse  length. 

As  shown  in  Section  V B of  this  report,  the  velocity  v is  1.0 
cm/psec.  A small  safety  factor  of  1.2  is  normally  used  if  it  is  allowed 
by  the  space-charge  condition  in  Equation  (14). 


2 

For  the  10-psec,  25-mA/cm  pulse  of  the  design  system  12  cm  was 
chosen  as  the  cathode  grid  separation.  Checking  to  see  if  it  satisfied 
Equation  (15),  the  following  is  obtained: 


8.3  cm  < 10  cm  < 83.53  cm 


(1  - k^)  and  (1  - k2)  were  chosen  as  0.83  and  0.72,  respectively. 

The  grid  resistance  will  now  be  determined.  The  grid  transparency  has 
already  been  defined  as  (1  - k^) . The  grid  current  will  be  determined 

by  this  grid  transparency  plus  any  lost  current  to  the  opaque  portions 
of  the  grid.  Thus 

XG  = (kpilk  - Vk]  + k3Xk 

or 

!g  = [ (kj) ( 1 - k3)  + k3]Xk 
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where  k^  is  the  fraction  of  the  cathode  current  striking  the  opaque  por- 
tion of  the  grid.  For  k^  = 0.2,  this  gives  an  effective  k of  0.34  where 
k is  defined  as 


A graph  indicating  the  grid  resistor  required  for  various  current 
densities  is  shown  in  Figure  55.  The  output  current  density  may  now  be 
changed  by  altering  this  resistor  value  without  changing  the  gun  geometry. 

The  grid-anode  separation,  X^,  must  be  large  enough  so  that  it  does 

not  space-charge  limit  the  beam  exiting  from  the  grid  structure.  The 
condition  is  usually  very  easily  satisfied  and  only  requires 

[ 2.335-10_6k  V 3/2l  1/2 
„ - 2 GA | 


| 2.335.10-6(1  - k2)  VK-  (rAT)Trii_Rc  1/2 

x < i 

2 J 

where  A = output  beam  area,  and  J = output  beam  current  density.  For 
the  design  condi tion,  this  gives 

X^  ^ 149  cm 

The  gun  has  been  designed  in  an  almost  reverse  fashion,  starting 
by  choosing  the  grid  cathode  separation  and  then  picking  values  for 
k^,  k^ , and  k^.  The  grid  resistance  requires  a simple  calculation 

after  these  parameters  are  chosen.  Gun  designs  for  two  specific  values 
of  k^,  k^,  and  k^  will  be  discussed  in  the  following  paragraphs. 

Considerable  discussion  in  the  previous  sections  was  directed  to 
the  unexpected  problem  of  abnormally  high  grid  and  anode  ("lost") 
currents  in  the  existing  test  device.  These  currents  lead  to  large 
inefficiencies  that  must  be  controlled  if  an  overall  electron  efficiency 
of  501  is  to  be  achieved  in  the  design  system.  The  major  losses  in  the 
test  device  occurred  as  a result  of  leakage  of  the  cathode-anode  elec- 
tric field  into  the  cathode  grid  space.  This  led  not  only  to  electrons 
streaming  directly  from  the  cathode  to  ground  (and  not  the  window  aper- 
ture) but  also  to  a distortion  of  the  focussing  field  controlling  the 
electron  trajectory  between  the  cathode  and  grid. 
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The  solution  of  this  problem  is  complete  enclosure  of  the  cathode 
by  the  grid  structure.  This  modification  to  the  existing  gun  could 
not  be  made  beaause  of  the  vacuum  chamber  and  bushing  design. 


With  a completely  enclosed  cathode  design,  the  problem  is  reduced 
merely  to  a diode  (cathode-grid)  followed  by  an  acceleration  field. 
Focussing  can  then  be  achieved  in  the  grid  region  in  a similar  fashion 
as  that  described  in  the  Appendix. 

A drawing  illustrating  the  design  gun  is  shown  in  Figures  56  and  57. 

The  cathode  electrical  connection  is  made  to  the  gun  on  a single  high 

voltage  cable  at  one  end  of  the  vacuum  chamber.  The  opposite  end  has 

a similar  bushing  structure  but  it  contains  the  grid  resistor  R and  a 

G 

second  resistor  R . This  second  resistor  is  designed  to  maintain  the 

r 

focus  electrodes  at  ground  potential  before  high  <vol tage  is  applied  to 
the  cathode  in  order  to  have  the  maximum  field  available  for  cathode 
ignition.  Figure  56  illustrates  a longitudinal  cross  section  of  the 
gun;  a transverse  section  is  shown  in  Figure  57. 

B.  Conceptual  Design  - Power  Supply 

The  power  supply  considered  for  the  conceptual  design 
study  is  a lumped  element  pulse  line  modulator  driving  the  gun  cathode 
through  an  iron  core  pulse  transformer.  This  is  the  type  of  supply  used 
throughout  the  experimental  program.  The  impedance,  power  load,  and 
repetition  rate  required  for  the  conceptual  design  are  all  well  within 
the  limits  of  this  technology. 

A simplified  electrical  schematic  for  the  supply  is  shown  in 
Figure  58.  Two  PFNs  have  been  used  in  parallel  on  the  primary  side  of 
the  pulse  transformer  to  allow  fabrication  of  the  more  easily  constructed 
higher  impedance  lines.  Peak  voltage  on  the  PFN  would  be  on  the  order 
of  35  to  38  kV  which  is  compatible  with  many  commercially  available 
thyratrons.  The  solid  state  clipper  diode  used  to  limit  source  voltage 
on  both  the  thyratron  and  capacitors  is  also  commercially  available 
because  its  peak  hoLd-off  voltage  is  limited  to  only  the  charge  voltage 
(~40  kV) . The  only  special  feature  of  the  modulator  that  is  not  usually 
found  in  this  type  device  is  the  spark  gap.  This  gap  is  required  to 
produce  the  very  fast  transient  voltage  required  to  produce  proper 
cathode  ignition.  Coulomb  transfer,  repetition  rate,  and  lifetime  have 
been  demonstrated  during  the  program  to  insure  the  reliability  of  this 
pressurized  gas  switch. 

An  equivalent  circuit  for  the  conceptual  design  unit  is  shown  in 
Figure  59.  Capacitors  Cj^  through  C|^  and  L|  through  are  PFN  elements. 

Inductance  Lj^  is  a combination  of  the  inductance  of  the  last  PFN  ele- 
ment and  the  stray  inductance  associated  with  the  thyratron  connection. 
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Figure  58.  Conceptual  design:  PFN  pulsed  power  supply 
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the  cabling  to  the  electron  gun.  The  0.5  rail  in  the  transformer  equiva- 
lent circuit  (L^)  is  the  transformer  leadage  inductance.  A shunt 

capacity  of  300  pF  would  be  expected  on  the  pulse  transformer  and  is 
indicated  by  C^. 

Figure  60  illustrates  the  PFN  of  Figure  59  connected  to  the  space- 
charge  limited  diode  Zy  This  equivalent  circuit  has  been  previously 

explained  in  Section  IV  B.  Figures  61  through  65  illustrate  the  wave- 
shapes predicted  bv  ECAP. 

The  pulse  waveshapes  are  consistent  with  both  the  laser  require- 
ments and  window  heating  caused  by  the  rising  and  falling  portions  of 
the  voltage. 


and  triode  electron  gun  used  for  ECAP  calculations.  All  impe< 
secondary  of  1:14.3  pulse  transformer. 


igure  63.  Conceptual  design;  cathode  current  versus  time. 
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Conceptual  design;  beam  current  (pre-foil)  versus  time. 
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Appendix.  INTERIM  REPORT 

1.  Introduction 

This  interim  technical  report  documents  the  results  obtained 
during  the  contract  period  from  April  8,  1974  to  March  30,  1975  for 
MIRADCOM  contract  No.  DAAH01-74-C-0624.  The  objectives  of  this  research 
effort,  to  determine  the  operational  characteristics  of  high  repetitive 
rate  cold  cathode  electron  guns  and  use  the  data  in  the  conceptual 
design  of  an  example  system,  have  been  achieved. 

All  performance  characteristics  required  for  the  conceptual  device 
have  been  demonstrated  with  an  experimental  electron  gun.  This  labora- 
tory device  is  full  scale  in  all  of  its  important  dimensions.  The  data 
are  therefore  directly  applicable  to  the  conceptual  design  of  an  example 
system . 

All  of  the  per formance  requirements  have  been  equalled  or  exceeded. 
Many  design  goals  have  also  been  exceeded. 

The  first  study  of  multi-pulse  cold  cathode  guns  was  a small  inde- 
pendent research  and  development  (IRED)  effort  at  Systems,  Science  and 

2 

Software  (S-Cubed) . Operation  (25  pps)  of  a 200-cm  , 50-nsec  pulse 
duration  gun  was  demonstrated.  Research  programs  subsequently  funded 
by  MIRADCOM,  other agenci cs , and  S-Cubed  have  advanced  this  new  technology. 

Significant  technology  advancements  include  the  following: 

2 

a)  Demonstration  of  50-pps,  3-  sec,  0.5-A/cm  operation. 

(MIRADCOM  DAAH01-74-C-0624) . 

b)  Demonstration  of  gun  current  extraction  efficiency  much 
greater  than  50%  (MIRADCOM  DAAH01-74-C-0624) . 

2 

c)  Demonstration  of  1000-pps,  10-  sec,  0.03-A/cm  operation 
(S-Cubed  IR&D). 

d)  Demonstration  of  a high  efficiency  large  area  (35  X 200  cm) 
double-sided  cold  cathode)  (S-Cubed  IRAD,  LASL  KH-5-78091) . 

The  data  from  these  programs  significantly  contributed  to  under- 
standing large  area  multiple  pulse  cold  cathode  electron  guns  and 
entianced  the  effectiveness  of  the  present  program. 

The  experimental  facility,  subsystems,  and  components  are  described 
in  the  following  section.  Section  3 contains  the  results  of  the  mea- 
surements performed  on  the  facility  during  this  program.  Section  4 con- 
tains the  conceptual  design  study.  The  report  is  summarized  in  Section  5. 

Table  A-l  correlates  the  experimental  work  and  results  with  the  pro- 
gram objectives  and  requirements. 
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2.  Experimental  Facility 


A.  Rapid  Pulse  Facility 

the  experimental  equipment  used  for  this  program  com- 
prises the  S-Cubed  Rapid  Pulse  Facility  (RPF)  shown  in  Figure  A-l. 

This  unique  facility  was  developed  to  conduct  research  on  cold  cathode 
electron  guns  for  laser  simulation  and  radiation  processing  applica- 
tions. The  high  voltage  modulator,  which  includes  a pulse  transformer 
in  an  oil  tank,  is  located  in  the  metal  house.  The  electron  gun  is 
mounted  below  the  pulse  transformer  oil  tank.  The  electron  beam  emerges 
vertically  downward  from  the  gun.  All  controls  and  diagnostic  equip- 
ment are  located  in  a ground  level  control  rack. 

The  dc  power  supply  for  the  RPF  develops  32  kW  at  its  20-kV  output 
voltage.  It  may  be  used  to  drive  various  PFN  subsystems  which  use 
thyratrons,  ignitrons  or  spark  gaps  as  the  switching  elements.  A low 
impedance  PFN  with  ignitron  switching  is  used  in  the  present  program. 

A 60-cm  ID  by  320-cm  long  cylindrical  stainless  steel  vacuum  cham- 
ber contains  the  electron  gun.  Its  size  allows  the  production  and  extrac- 
tion of  electron  beams  with  cross  sections  up  to  25  X 165  cm.  All  dimen- 
sions and  electrical  feedthrough  hardware  are  designed  for  250-kV 
pulsed  operation.  The  control  console  contains  the  circuits  for  con- 
trolling the  high  voltage  level  and  all  triggering  circuits  required 
for  operation  of  the  device.  The  trigger  circuits  control  the  pulsed 
operation  from  1 pps  to  greater  than  1000  pps.  Other  manual  control 
functions  located  on  the  control  console  are  the  adjustments  for  the 
spark  gap  pressures,  pulse  transformer  core  bias,  thyratron  reservoir 
heater  power,  filament  power,  etc.  All  adjustments  necessary  to  oper- 
ate the  device  are  in  the  control  console. 


B.  Line  Pulser 

The  power  supply  used  in  this  program  uses  a lumped  ele- 
ment line-driver  pulsed-transformer  combination  (Figure  A-2) . Nominal 
specifications  for  this  unit  are  as  follows: 

Output  voltage  250  kV 

Output  current  750  A 

Pulse  duration  3 psec 

Maximum  pulse  repetiton  rate  50  pps 

100  pps  optional 

Duty  10-sec  burst  every  15  min. 


3 MORE  PFNs 


r 


The  line  driver  is  comprised  of  30  capacitors  and  inductors.  Five 
identical  sets  of  capacitors  and  inductors  make  up  each  of  six  parallel 
PFNs.  In  this  way,  each  PFN  maintains  a moderate  impedance  level  of 
six  ohms,  producing  a total  paralleled  PFN  impedance  of  1 ohm.  The 
leads  connecting  the  PFN  to  the  primary  of  the  pulse  transformer  are 
kept  as  short  as  possible  so  that  the  L/R  risetime  of  the  system  will 
be  compatible  with  3-,  sec  pulse  durations. 

The  RPF  32-kW  power  supply  charges  the  PFN;  the  power  supply  is 
connected  to  the  PFN  through  a charging  choke  and  diode  combination  to 
produce  34  kV  on  the  PFN  with  17  kV  on  the  high  voltage  power  supply. 

The  resulting  resonant  charging  waveform  allows  clearing  time  for 
the  ignitron  switches.  The  large  ignitrons  are  D size  National  Elec- 
tronics model  No.  NL2458.  Two  ignitrons  are  used  in  series  to  withstand 
the  34-kV  charge  on  the  PFN;  a second  parallel  set  of  ignitrons  pro- 
vides the  high  duty  current  capability  required  for  the  program. 

Standard  thyratron  pulse  generating  technology  was  used  to  switch 
the  ignitrons.  These  ignitrons  have  proven  to  be  quite  dependable 
throughout  the  course  of  the  study.  At  no  time  have  there  been  clearing 
difficulties  due  either  to  rapid  reapplication  of  the  PFN  voltage  or  to 
peak  current  limitations. 

The  open  core  pulse  transformer  has  a primary  to  secondary  turn 
ratio  of  17.5:1.  A thin  laminated  iron  core  provides  the  large  time- 
voltage  product  required  for  this  program.  Thus,  when  operating  with 
matched  impedance,  a charge  of  34  kV  on  the  PFN  (or  15  kV  for  the  dc 
power  supply)  produces  250“kV  output  from  the  pulse  transformer.  This 
voltage  is  then  applied  directly  to  the  cathode  of  the  gun.  Alter- 
natively, it  can  be  applied  first  to  a small  peaking  capacitor  which, 
by  use  of  a small  self  breaking  spark  gap,  is  then  connected  to  the 
cathode  of  the  gun  (Figure  A- 3) . 

The  spark  gap  steepens  the  risetime  of  the  voltage  pulse  applied 
to  the  cathode.  Without  this  capacitor /spark  gap  combination,  the  rise- 
time of  the  voltage  pulse  is  limited  by  the  L/R  risetime  of  the  circuit. 
Stray  inductances  in  the  primary  and  secondary  circuits  and  flux  leak- 
age in  the  pulse  transfomer  limit  the  risetime  (without  the  spark  gap) 
to  approximately  1 psec  (Section  3 b) . 

The  electron  beam  gun  also  used  two  focussing  electrodes  (Figure  A-3 
A-3) . The  electrical  potential  attained  b\r  these  electrodes  was  deter- 
mined by  the  electron  beam. 

A capaci tor /resistor  assembly  connects  the  focus  electrodes  and 
ground.  These  focus  electrodes  assume  ground  potential  before  a pulse 
is  applied  to  the  caLhode,  During  the  pulse,  the  grid  holding  capaci- 
tor charges  up  to  the  cathode's  voltage.  It  takes  approximately  100  nsec 
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Figure  A-3. 


Cold  cathode  gun  structure  schematic. 


to  charge  this  holding  capacitor.  The  capacitor  and  the  external 
resistor  determine  the  electrodes'  e-folding  discharge  time,  which  is 
approximately  20  psec. 


a photograph  of  the  entire  PFN/pulse  transformer  combination 
(Figure  A-4)  has  been  included.  No  attempt  was  made  to  minimize  the 
size  of  this  power  supply;  however,  a relatively  small  volume  device 
was  constructed.  This  compactness  is  an  inherent  advantage  of  the  line 
driver  technology  (Section  4) . 


C.  High  Voltage  Feedthrough  Insulators 


Three  high  voltage  ports  leading  directly  from  the  pulse 
transformer  oil  tank  were  used  to  access  the  stainless  steel  vacuum 
chamber  of  the  RPF  electron  gun.  The  electron  beam  window  is  mounted 
horizontally  on  a 25-'/  165-cm  rectangular  port  at  the  base  of  the 
vacuum  chamber.  The  water-cooled  window  (built  for  this  program) 
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measures  15  X 50  cm;  It  is  mounted  on  the  port  with  an  adapter  plate. 
Construction  and  design  of  the  water-cooled  window  will  be  further  dis- 
cussed in  Section  3 E. 


Figure  A-5  shows  the  interior  structure  of  the  cold  cathode  elec- 
tron beam  gun.  The  gun's  open  structures  permitted  the  anode-cathode 
separation  and  the  beam  focussing  elements  to  be  changed  rapidly.  The 
extreme  simplicity  of  the  cold  cathode  gun  is  evident  in  this  paragraph. 

Bonded  metal  ceramic  bushings  transmit  high  voltage  from  the  pulse 
transformer  tank  into  the  vacuum  chamber.  In  all  previous  programs 
performed  on  the  RPF,  the  bushing  performed  well  up  to  250  kV.  During 
this  program,  however,  300  kV  and  more  was  attempted.  The  bushings 
failed  at  these  higher  voltage  levels  because  of  sparking  between  the 
grading  rings  and  the  central  metal  feedthrough  rod  (Figure  A-6) . 
Repeated  sparking  made  the  bushings  completely  useless.  New  bushings 
were  then  designed,  constructed,  and  installed  (Figure  A-7) . Design 
of  the  new  bushings  was  limited  by  the  existing  structure  of  the  RPF. 

The  new  bushings  withstood  voltages  in  excess  of  300  kV  without  fail- 
ure; they  have  performed  satisfactorily  to  date. 

D.  Vacuum  System 

The  vacuum  system  used  in  these  tests  included  a 
Consolidated  Vacuum  Corporation  6-in.  ( 1400-f/sec)  oil  diffusion  pump, 
a 190-cfm  mechanical  rotary  pump  and  appropriate  ion  gauges,  controllers, 
and  readout  devices.  Strip  chart  recorders  were  used  on  the  ion  gauge 
readouts  to  obtain  gassing  rates  during  operation  of  the  cold  cathode 
electron  gun.  Pumping  speed  for  the  vacuum  system  will  be  analyzed 
in  Section  3 D. 

A gate  valve  between  the  diffusion  pump  and  the  vacuum  chamber 
facilitated  changes  in  the  gun  structure.  Liquid  nitrogen  baffles 
and  cold  traps  were  not  used.  This  has  been  the  usual  practice  on 
single  pulse  cold  cathode  electron  guns.  A schematic  diagram  of  the 
vacuum  system  is  shown  in  Figure  A-8. 

E.  Total  System  Operation 

All  of  the  previously  described  components  have  been 
operated  together  successfully,  A photograph  of  the  electron  beam  was 
taken  as  it  emerges  through  the  foil.  The  sharp  cutoff  for  the  electron 
range  in  the  air  is  clearly  evident  in  the  photograph.  The  glowing  zone 
is  from  N^+  radiation  as  the  air  is  excited  by  the  multiple  pulsed  elec- 
tron beam. 
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Figure  A-6.  Original  RPF  high  voltage  bustling. 


3.  Experimental  Program 

A.  Experimental  Procedures-Diagnostics 

The  complete  RPF  diagnostics  complement  was  available 
for  ttiis  program.  Parameters  measured  and  instrumentation  included 
the  following: 


1)  Power  supply  charge  voltage  (dc) . 

2)  Power  supply  current  (dc) . 

3)  PFN  pulse  current. 

-»)  Pulse  transf  inner  second ar;  current. 

5)  Cathode  voltage. 

6)  Focus  electrode  pulse  current. 

7)  Focus  electrode  voltage. 


129 


S)  Output  beam  current  density  monitor. 

9)  Beam  current  density  uniformity  arra  . 

10)  Cellophane  dosimeter  sheets. 

11)  X-ray  photodiode. 

12)  Foil  depth  dosimeter  (dq/dx) . 


Figure  A-7.  New  RPF  high  voltage  bushing. 


Figure  A-8.  Vacuum  system  schematic. 

Standard  metering  strings  and  voltage  drop  techniques  were  used 
to  determine  the  dc  power  supply  charge  voltage  and  current.  PFN 
pulse  current  and  the  pulse  transformer  secondary  current  (which  is 
also  the  electron  gun  cathode  current)  were  measured  with  Pearson  wide 
band  current  transformers  with  risetimes  under  10  nsec.  The  trans- 
former's frequency  response  was  adequate  to  provide  accurate  data  for 
the  entire  pulse  length. 

The  cathode  voltage  was  measured  with  a Power  Designs  Model  1603, 
350-kV  capacitive  divider. 

The  focus  electrode  pulse  current  and  voltage  were  measured  with 
diagnostics  similar  to  those  used  for  the  cathode  voltage  and  current. 


Output  beam  current  density  was  measured  by  two  methods.  The 
first  method  used  a Pearson  toroidal  current  transformer  that  was 
shielded  from  the  electron  beam  by  an  electrically  grounded  metal  plate 
The  electron  beam  passed  through  a hole  in  the  shield  and  through  the 
toroid;  thus  the  beam  acted  as  the  transformer's  primary  current.  With 
this  method,  the  resulting  signal  is  free  of  interpretive  complications 
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The  second  method  used  copper  current  collectors  on  a printed  cir- 
cuit board.  An  array  of  these  collectors  mapped  the  beam  current 
densitv  outside  the  transmitting  window.  A photograph  of  one  of  the 
arrays  is  shown  in  Figure  A-10.  These  arrays  can  be  used  with  full 
beam  power  and  low  duty  cycles  or  witli  reduced  beam  power  for  longer 
time  s . 

The  cellophane  dosimeter  foils  were  used  only  for  a qualitative 
comparison  with  the  current  density  uniformity  arrays. 


^ ^ 

tij 


1x7  Array 
Elements  2 x 20  cm^ 

Figure  A-10.  Current  collector  array. 

X-rav  photodiodes  proved  useful  in  the  initial  operation  of  the 
device;  they  insured  that  the  signals  observed  were  in  fact  due  to  high 
energy  electrons. 

The  dq/dx  foil  dosimeter  shown  in  Figures  A-ll  and  A-12  was  used 
to  determine  the  electron  energy  spectrum  of  the  beam  (Section  3 C) . 
because  the  dosimeter  foils  were  insufficiently  cooled,  low  duty  oper- 
ation of  the  gun  was  necessary  when  the  detector  was  being  used. 
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Figure  A-12.  Charge  dosimeter 
excess  beam  power. 


Each  time  the  gun  chamber  was  opened,  the  following  routine  pro- 
cedures were  followed  before  testing  was  resume  1: 

1)  Cleaning  - All  portions  of  the  gun  were  cleaned  either  with 
Freom  TF  or,  if  small  enough,  in  a hot  vapor  degreaser.  The  interior 
surfaces  were  inspected  to  see  whether  excess  sparking  or  insulator 
flashover  had  occurred  Turing  the  previous  run.  With  each  inspection 
the  condition  of  the  device  was  determined  and  it  was  compared  to  con- 
ditions during  previous  inspections. 

2)  Vacuum  System  - Oil  levels  in  roughing  and  diffusion  pumps 
were  routinely  checked.  Prior  to  each  experiment,  a complete  vacuum 
check  of  the  system  was  performed  with  a helium  (mass  spectrometer) 
leak  detector.  This  last  procedure  was  crucial  to  the  experiments 
success . 

-4 

Cold  cathode  guns  can  operate  at  pressures  of  10  torr  or  lower. 

In  the  past,  misinterpretation  of  this  modest  vacuum  requirement  has 
caused  carelessness  in  maintaining  the  vacuum  integrity  of  similar  sys- 

-4 

terns.  A cold  cathode  gun  will  not  operate  at  10  torr  if  this  pressure 
is  caused  by  a leak  in  the  vacuum  system.  A vacuum  tight  system  is 
required.  Small  leaks,  even  those  permitting  indicated  pressures  of 

_ ^ 

10  torr  in  the  vacuum  chamber,  have  caused  significant  problems, 
particularly  sparking.  Sparking,  either  from  cathode  to  anode  or 
along  the  surface  of  the  insulator  can  occur  when  a small  leak  in  a 
high  vacuum  system  increases  the  local  pressure  above  the  average  indi- 
cated pressure.  Local  pressuees  can  be  above  10  ' or  10  ^ torr  even 

-6  -4 

when  10  torr  is  indicated  by  an  ion  gauge.  Local  pressures  above  10 

torr  will  almost  certainly  lead  to  breakdown, 

3)  Complete  calibrations  of  the  system's  scope  channels  and 
high  voltage  monitors  were  performed  before  each  data  run. 

Normal  laboratory  techniques  were  followed  during  this  program. 
Other  than  the  particular  care  in  making  sure  that  the  system  was 
vacuum  tight,  no  special  precautions  or  procedures  were  needed  to  oper- 
ate the  electron  gun. 

B.  Emission  and  Current  Density  Control 

1.  Emission  Process 


The  cathodes  used  for  this  program  were  tantalum 
foil  strips  0.0003  in.  thick.  Tantalum  strips  have  performed  excellently 
in  all  S-Cubed  single  pulse  cold  cathode  electron  guns  built  during  the 
last  few  years.  A single  emitting  foil  was  used  to  obtain  the  necessary 
well-defined  emitting  surface  (Section  3 C) . 


The  cold  cathode  emission  process  is  not  yet  completely  under- 
stood. It  is  known,  however,  that  initially  the  cathode  is  a metal 
surface  in  a high  vacuum.  Wien  the  high  voltage  pulse  is  applied,  a 
plasma  forms  along  the  edge  of  the  emitter  foil  and  expands  with  a 
velocity  characteristic  of  the  cathode  material. 

The  impedance  characteristics  of  this  plasma  emission  process  are 
well  understood;  the  details  of  plasma  formation,  however,  remain 
obscure. 

To  obtain  good  plasma  formation  and  emission  from  a cold  cathode, 
the  electric  field  applied  to  the  emitter  surface  must  be  of  the  order 

of  10^  V/cm.  Surface  microstructure  then  produces  localized  fields 
several  orders  of  magnitude  higher.  In  typical  single  pulse  cold 
cathode  electron  guns,  there  is  sufficient  emitter  microstructure  to 
"turn  on"  the  cathode  with  a few  tens  of  kilovolts  applied  between  the 
cathode  and  anode.  The  surface  microstructure  is  gradually  eroded  by 
tens  of  thousands  of  shots  until  the  voltage  required  to  turn  on  the 
cathode  increases  to  many  hundreds  of  kilovolts.  A hypothetical  pro- 
bability curve  demonstrating  this  phenomenon  is  shown  in  Figure  A-13. 

The  dashed  curve  in  the  figure  corresponds  to  the  probability  that  for 
a given  electric  field,  emission  sites  will  be  formed  on  a new  emitter. 
The  solid  curve  illustrates  the  same  probability  for  an  emitter  that 
has  had  tens  of  thousands  of  shots. 

To  obtain  a uniform  electron  beam,  many  emission  sites  must  be 
formed  per  unit  length  of  the  cathode.  As  the  emitter  is  aged  bv  use, 
the  probability  approaches  zero  for  forming  emission  sites  at  the  maxi- 
mum electric  field  obtainable  with  a specific  device.  Few  emission 
sites  are  then  formed;  the  actual  number  depends  upon  the  electric  field. 
When  operating  the  gun  with  a net  cathode  voltage  limited  to  250  kV, 
there  is  a low  probability  that  emission  sites  will  form.  However, 
because  the  cold  cathode  gun  is  initially  an  open  circuit,  a fast  ris- 
ing 250-kV  pulse  will  ring  up  to  almost  500  kV  and  produce  good  emission. 

The  initial  high  impedance  changes  dramatical ly  once  the  emission 
threshold  is  reached  and  an  emission  site  forms.  Because  the  voltage 
exceeds  the  threshold  only  during  the  formation  of  the  first  site, 
additional  sites  cannot  be  formed  for  the  particular  pulse.  The  time 
required  for  the  abrupt  drop  of  voltage  on  the  cathode  surface  depends 
on  the  gun  geometry  and  the  power  supply.  The  normal  time  requirement 
is  100  to  200  nsec.  Thus,  to  obtain  uniform  generation  of  emission 
sites  (and  uniform  emission)  an  extremely  high  field  must  be  applied 
in  less  than  100  nsec.  This  is  accomplished  by  the  following  methods: 

1)  The  tantalum  foil  is  approximately  8 , thick;  this  allows 
achievement  of  the  highest  practicable  fields. 

2)  Because  the  characteristic  risetime  of  the  pulse  transformer 
is  approximately  1 sec,  a small  peaking  capacitor  and  spark  gap  were 
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used  to  decrease  the  risetime  of  the  voltage  applied  to  the  cathode 
to  a few  tens  of  nanoseconds.  This  capacitor /spark  gap  combination 
applies  a sharp  voltage  spike  to  the  cathode,  establishing  the  emission 
sites.  Once  current  emission  begins  and  the  diode  impedance  is  estab- 
lished, Che  pulse  transformer  determines  the  current  risetime. 

Scanning  electron  micrographs  were  used  to  estimate  cathode  life- 
time. Figure  A-14  shows  scanning  electron  micrographs  of  an  unused 
emitter  and  an  emitter  used  for  several  hundred  thousand  shots.  The 
photographs  show  the  edge  of  each  emitter  at  a 45°  elevation.  Scale 
size  of  the  pits  and  craters  isl  p.  If  it  is  assumed  that  each  slot 
ejects  from  the  surface  a sphere  with  a volume  equal  to  the  crater 
volume,  then  the  emitter  material  loss  rate  can  be  calculated. 

A maximum  of  ten  flashes  per  centimeter  of  cathode  length  were 
observed,  and  if  it  is  assumed  that  the  flashes  correspond  to  the  ejec- 
tion of  cathode  material,  then  the  volume  of  material  lost  per  centi- 

3 -12  3 

meter  is  given  by  V = itr  (number  of  sites/cm)  = 3.9  X 10  cm  /shot. 

For  an  emitter  7.6  X 10  4 cm  thick,  this  corresponds  to  an  average  loss 

-9 

rate  of  5.2  X 10  cm  shot.  If  a loss  of  0.1  cm  of  emitter  material 

ends  the  cathode's  usefulness,  the  emitter's  life  is  equal  to  2 X 10 
shots.  This  number  is  consistent  with  observations  to  date.  After 

more  than  10‘>  shots  on  tantalum  emitters,  no  change  in  length  has  been 
observed . 

The  required  cathode  lifetime  of  50,000  shots  is  therefore  easily 
achieved.  Lifetime  problems  are  not  anticipated  until  the  require- 
ments exceed  10*4  to  10^  shots. 

2.  Current  Density  Control 

The  cathode  of  a cold  cathode  device  is  a plasma 
near  the  surface  of  the  emitter  foil.  When  this  plasma  is  in  contact 
with  the  surface  of  the  foil,  the  emitted  current  density  is  limited 
only  bv  the  macroscopic  discharge  conditions.  Figure  A-15  (from  work 
in  1972)  shows  that  the  discharge  characteristics  obey  the  space  charge 
law  that  relates  cathode  voltage,  current  density  and  cathode-anode 
spacing  (Child's  Law) 

3 /2 

-6  V 

J = 2.335  x 10  — — 
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Figure  A-15.  Impedance  characteristics  for 
tantalum  cathode. 


where 

V = the  cathode  voltage  (V) 

D = the  anode-cathode  separation  (cm) 

O 

J = the  current  density  (A/ciri  ) . 

The  present  measurements  again  agree  with  this  relationship 
(Figure  A-16) . In  addition,  it  is  now  observed  that  these  conditions 
are  satisfied  at  any  repetition  rate  as  long  as  the  ambient  residual 
gas  pressure  remains  low. 


i 
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This  strict  adherence  to  space  charge  limited  behavior  simplifies 
the  design  aid  scaling  of  cold  cathode  guns;  it  is  now  possible  to  pre- 
dict current  density  with  the  same  ease  as  for  thermionic  cathode 
devices. 

The  total  impedance  of  the  gun  is  determined  by  the  current  density 
and  the  total  beam  area.  Beam  focussing  reduces  the  beam  area  and 
maximizes  impedance.  Focussing  also  increases  the  gun's  efficiency. 

The  impedance  of  the  50-pps  gun  agreed  with  previous  data  from  single 
pulse  guns  as  well  as  with  data  from  the  S-Cubed  IR6<D  1000-pps  cold 
cathode  program.  Therefore,  all  of  the  existing  design  data  for  single 
pulse  guns  apply  to  the  50-pps  case  and  other  repetition  rates  up  to 
at  least  1000  pps. 

In  Figures  A-17  through  A-21,  representative  oscilloscope  traces 
show  the  cold  cathode  gun's  behavior  for  voltages  from  approximately 
170  kV  to  greater  than  300  kV.  The  only  variable  in  these  data  was  the 
PFN  charge  voltage;  the  anode-cathode  spacing  and  the  PFN  impedance 
were  kept  constant. 

Although  the  primary  goal  was  to  investigate  pulses  of  3 , sec,  a 
secondary  goal  was  to  investigate  pulse  lengths  from  2 to  10  psec.  Cold 
cathode  guns  were  previously  operated  with  10-psec  pulses  at  1000  pps 
in  an  S-Cubed  IR&D  program.  Large  area  (20  cm  X 200  cm)  single  pulse 
cold  cathode  guns  have  also  been  operated  in  the  10-  to  12-psec  pulse 
width  range.  Therefore,  significant  difficulties  were  not  expected  to 
arise  during  the  study  of  10-psec  pulses  on  the  present  facility. 

To  obtain  the  long  pulse  durations,  the  PFN  had  to  be  required  so 
that  it  contained  two  parallel  sets  of  three  PFNs  in  series;  originally, 
the  PFN  contained  six  parallel  networks.  This  changed  the  PFN  pulse 
length  from  approximately  3 to  9 psec  and  also  changed  the  PFN  impedance. 

Because  the  volt-time  product  of  the  pulse  transformer  limits  the 
maximum  available  pulse  length  for  any  given  voltage,  approximately 
100  kV  was  the  operating  voltage  instead  of  the  usual  200  kV.  Because 
the  space  charge  limited  behavior  had  already  been  demonstrated  for  the 
repetitively  pulsed  cold  cathode  diode,  the  results  obtained  at  100  kV 
can  be  directly  scaled  to  higher  voltages.  Representative  traces  show- 
ing the  long  pulse  behavior  of  the  cold  cathode  gun  ate  shown  in 
Figures  A-22  and  A-23. 

Long  duration  pulses  make  it  easier  to  determine  accurately  the 
dynamic  impedance  characteristics  of  the  gun.  Figure  A-24  shows  a plot 
of  the  normalized  diode  impedance  versus  time. 
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Figure  A-17.  PFN  charge  voltage  (20  kV) 
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Figure  A-18.  PFN  charge  voltage  (24  kV)  . 
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Vk  = 212  kV/DIVISION 


100  amp/DIVISION 


T = 5 psec/DI  VISION 


VL  = 212  kV/DIVISION 


J = 0.05  amp/cm^/DI  VISION 


T = 5psec/DIVISION 


CATHODE  VOLTAGE  AND  CURRENT  AND  BEAM 
CURRENT  DENSITY  VERSUS  TIME.  10  pps 


Figure  A-19.  PFN  charge  voltage  (28  kV) 
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CATHODE  VOLTAGE  AND  CURRENT  AND  BEAM 
CURRENT  DENSITY  VERSUS  TIME.  10  pps 

Figure  A-20.  PFN  charge  voltage 
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Vk  = 212  kV/DIVISION 


200  amp/DIVISION 
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T = 5 |isec/DIVISION 


CATHODE  VOLTAGE  AND  CURRENT  AND  BEAM 
CURRENT  DENSITY  VERSUS  TIME.  10  pps 


Figure  A-21.  PFN  charge  voltage  (36  kV) 
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40  kV/DIVISION 


100  amp/DI  VISION 


Vt  = 40  kV/OIVISION 


J = 0.025  a mp/cm^/DI  VISION 


CURRENT  VOLTAGE  AND  CURRENT  AND  BEAM 
CURRENT  DENSITY  VERSUS  TIME.  10  pps 


Figure  A-22.  10-tisec  duration  pulse 
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Vt  = 100  kV/DIVISION 


lk  = 10  amp/DIVtSION 


20  fJsec/OIVISION 


TIME  (t,  ^(sec) 


Figure  A-24.  Diode  impedance  as  a function  of  time 
(data  from  Figures  A-22  and  A-23) . 


C.  Beam  Focussing  - Uniformity 

The  MIRADCOM  program  produced  two  significant  technologi- 
cal advancements;  (1)  the  design  and  development  of  an  efficient  beam 
focussing  system,  and  (2)  the  attainment  of  a highly  uniform  elec- 
tron beam.  A uniform  cathode  emitting  surface  (produced  by  applying 
fast  risetime  pulses  to  the  cathode)  was  one  of  the  two  key  factors  in 
achieving  a highly  uniform  electron  beam. 

The  second  factor  is  the  focussing  of  the  electron  beam  after  the 
emitting  plasma  cathode  has  been  formed.  Previous  cold  cathode  elec- 
tron guns  produced  highly  uniform  electron  beams  only  with  a loss  of 
efficiency.  Cathode-anode  configurations,  in  which  only  a small  por- 
tion of  the  electron  beam  was  extracted  through  the  electron  beam  win- 
dow, have  been  used;  efficiencies  of  the  order  of  5%  to  107=  were  quite 
common.  For  the  high  power/high  repetition  rate  system  required  here, 
efficiencies  of  57,  to  107.  are  clearly  unacceptable.  Beam  focussing 
seems  to  be  an  obvious  solution.  As  was  stated  in  Section  3 B,  an  intense 
electric  field  is  required  on  the  emitter  foil  in  order  for  emission 
sites  to  form.  This  electric  field  requirement  is  inconsistent  with 
most  focussing  techniques,  because  they  tend  to  depress  the  field  near 
the  cathode's  surface. 

A focussing  system  was  developed  to  avoid  this  problem.  In  this 
system,  the  focus  electrode  is  independent  of  the  cathode  structure  and 
maintains  ground  potential  during  the  formation  time  of  the  cathode 
plasma.  Once  the  cathode  plasma  is  formed  and  electrons  are  being 
emitted,  the  focus  electrodes  assume  the  potential  required  for  focus- 
sing the  electron  beam.  This  is  shown  schematically  in  Figure  A-2. 

Figure  A-25  illustrates  the  electrode  structure  without  focus  elec- 
trodes. The  electric  field  configuration  required  to  initiate  the  cathode 
plasma  is  shown.  The  electron  beam  produced  by  this  electrode  structure 
is  emitted  into  at  least  it  rad.  Because  the  electron  beam  window  sub- 
tends approximately  0.1  rad  the  gun  is  very  inefficient. 

The  new  focussing  arrangement  maintains  the  high  intensity  electric 
field  configuration  until  the  onset  of  emission  (Figure  A-26) . At  the 
start  of  electron  emission,  however,  the  focus  electrodes  charge  to  the 
electron  beam  voltage  and  a new  field  configuration  is  formed  (Figure 
A-27)  . Figure  A-27  represents  an  optimum  configuration  for  focussing 
the  electron  beam.  Because  the  cathode  surface  has  already  been 
formed,  the  impedance  (and  therefore  total  current)  will  depend  on  the 
new  field  geometry  only.  High  electron  transmission  efficiency  is  there- 
fore achieved. 
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Small  experimental  changes  in  spacings  and  geometries  were  made 
until  the  exact  field  configuration  needed  for  the  required  degree  of 
beam  uniformity  was  found.  This  method  was  used  because  the  15-  X 50-cm 
laboratory  device  exactly  duplicates  the  cross-section  of  the  prototype 
device.  Although  the  required  field  configurations  could  have  been 
calculated  analytically,  it  was  far  more  expedient  to  solve  the  problem 
experimentally. 

Figure  A-28  shows  the  current  density  measured  along  the  15-cm 
dimension  of  the  1-mil  aluminum  foil  electron  beam  window,  outside  the 
window.  The  current  density  distribution  produced  by  this  first  elec- 
trode geometry  is  obviously  too  highly  focussed.  It  does,  however, 
demonstrate  that  very  high  efficiencies  can  be  achieved  with  this  type 
of  device.  After  several  adjustments  of  the  electrode  geometry,  the 
current  density  distribution  was  made  more  uniform  (Figure  A-29) . 

With  this  geometry  the  transverse  and  longitudinal  current  density 
distribution  was  uniform  to  approximately  107=  and  the  electron  trans- 
mission efficiency  remained  high.  The  longitudinal  end  effects  are 
insignificant  when  a 200-cm  gun  is  used;  for  a 50-cm  device  the  effects 
are  more  noticeable. 

The  cathode  was  shortened  from  50  to  20  cm  to  study  end  effects 
(the  focus  electrodes  and  the  window  retained  their  original  dimen- 
sions). It  was  observed  visually  that  the  beam  still  filled  the  entire 
length  of  the  window  opening.  Longitudinal  spreading  was  confirmed  with 
the  use  of  current  collectors  (Figure  A-30) . 

Cellophane  was  then  exposed  to  the  energetic  electron  beam.  By 
examining  the  shadowing  of  the  cellophane  by  the  window  ribs,  the  long- 
itudinal spreading  of  the  electron  beam  becomes  apparent. 

Next,  focus  electrodes  were  added  to  the  ends  of  the  gun  structure; 
the  new  uniformity  data  showed  reduced  longitudinal  spreading  (Figure 
A- 31)  . 

D.  Vacuum  Gassing 


Gassing  refers  to  the  gas  load  generated  by  the  electron 
beam  during  full  power  operation.  The  main  causes  of  gassing  are  elec- 
tron and  thermal  desorption  of  gas  molecules  absorbed  on  the  surfaces. 


TRANSVERSE  INTENSITY 


155 


I 


H 


Figure  A-29.  Transverse  uniformity,  final. 


Because  the  vacuum  system  used  here  did  not  utilize  a cold  trap, 
there  was  considerable  backstreaming  of  diffusion  pump  oil  into  the 
vacuum  chamber.  No  special  cleaning  procedures  or  precautions  were 
followed  while  assembling  the  gun.  System  bake-out  was  limited  to  the 
heat  generated  by  operating  the  device. 

The  gassing  rate  was  calculated  from  the  measured  pressure  rise 
and  the  system's  pumping  speed.  The  diffusion  pump  has  a specification 
speed  of  1400  i/sec.  However,  the  system's  net  speed  is  a combination 
of  the  pump  speed  and  the  conductance  of  the  various  elements  connect- 
ing the  pump  to  the  vacuum  chamber. 


The  ion  gauge  was  mounted  directly  on  the  vacuum  chamber  (away 
from  the  pumping  port)  to  measure  the  pressure  reliably.  The  pump  speed 
was  calculated  using  the  following  standard  equation: 


The  pump  speed  of  1400  T/sec  is  constant  below  approximately  10 
torr;  it  can  be  expected  to  decrease  at  higher  pressures.  For  steady 
state  conditions,  the  gassing  factor,  Q,  is  equal  to  the  pumping  speed 
times  the  pressure.  Gassing  coefficients  corresponding  to  electron 
and  thermal  desorption  of  gas  were  measured . Electron  desorption  was 
responsible  for  the  pressure  rise  observed  when  the  electron  beam  was 
operated  at  a 10-pps  repetition  rate  (Figure  A-32) . The  system  had 
been  pumped  down  for  approximately  three  hours  before  measurements  were 
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taken.  The  pressure  increase  by  approximately  1 X 10  torr  during  the 
measurement  corresponds  to  Q — 45  mtorr  T/sec. 


The  gassing  rate  slowly  decreased  during  continued  operation.  In 
Figure  A-33  the  gassing  is  shown  for  a long  term  run  of  approximately 
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2000  pulses.  The  pressure  is  initially  approximately  1 X 10  torr. 

By  the  end  of  the  run,  it  drops  to  approximately  5 x 10  ^ torr.  After 
this  point,  there  was  no  evidence  of  further  cleanup  and  reduction  of 
the  gassing  rate. 

Next,  a full  power  10-sec  run  was  attempted  to  determine  the  gassing 
rate  at  the  conditions  required  for  the  prototype  gun.  The  results  of 
this  run  are  shown  in  Figure  A-34. 

-4 

The  pressure  increase  to  5 X 10  torr  corresponds  to  a gassing 
rate  of  0.22  torr  a /sec.  At  the  full  power  condition,  approximately 
20  kW  is  supplied  to  the  gun  chamber.  At  least  12  kW  of  this  power  is 
transmitted  through  the  thin  aluminum  foil  to  the  atmosphere.  The 
remaining  8 kW  is  deposited  in  the  chamber  walls,  the  foil,  and  the 
foil  supporting  ribs.  The  gassing  rate  of  0.22  torr  i/sec  corresponds 

19 

to  a release  of  7 X 10  nitrogen  molecules/sec. 
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VERTICAL:  1x10  4 torr/LARGE  DIVISION 

HORIZONTAL:  20  sec/LARGE  DIVISION 

Figure  A-32.  Pressure  history  - new  system  250  kV,  600  A, 

3-psec  pulses,  10  pps. 

For  thermal  desportion  of  chemabsorbed  molecules,  energies  of 
desorption  are  generally  approximately  100  kC/mole.  This  corresponds 

20 

■to  a release  of  approximately  4 X 10  molecules/sec  ("for  8 kW  of  beam 
powe.)  ; thus  the  high  gassing  rate  is  consistent  with  thermal  desorp- 
tion rates. 

-4 

With  the  residual  pressure  at  5 X 10  torr,  it  takes  1 , sec  to 
form  a monolayer.  Because  of  the  fast  repopulation  of  the  aosorbed 
gas,  a clean  surface  is  never  achieved  despite  the  sufficient  heat 
available  to  desorb  the  monolayers  completely.  If  the  residual  gas 

-7  -8 

pressure  were  10  or  10  torr,  a clean  surface  could  be  produced  and 
maintained;  the  tremendous  gas  loading  would  then  cease. 

In  long  duration  runs,  other  portions  of  the  vacuum  chamber  will 
become  heated  via  thermal  conductivity  of  the  vacuum  chamber  walls, 
preventing  the  system  from  maintaining  its  pressure.  io  obtain  a com- 
pletely clean  S'  seem,  average  temperatures  of  the  vacuum  chamber  walls 
inside  surfaces  must  reach  400°C. 
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E. 


Window  Technology 


2 

A window  that  can  transmit  the  full  0.5  A/cm  beam  is 
well  within  the  present  technological  capability.  The  average  current 

is  75  i A/cm2  --  much  less  than  the  present  maximum  of  approximately 

300  . A/cm2. 

In  designing  the  window,  the  thermal  problem  was  separated  into 
two  distinct  one-dimensional  problems;  the  first  dealt  with  transport 
of  heat  from  the  foil  into  the  ribbed  foil  support  structure;  the 
second  treated  heat  transport  from  the  ribs  into  the  window's  surround- 
ing heat  sink  and  the  water  cooling  tubes. 

The  window  material  used  in  all  of  the  experiments  and  calculations 
was  1-mil  aluminum  alloy  No.  5051T6. 

1.  Problem  1.  Thermal  Transport  from  Foil  to  Rib 

The  following  thermal  calculation  was  used  to 
determin  the  maximum  temperature  in  the  foil: 

Power  absorbed  in  foil  _ „ 

Unit  area  ^2 

Power  absorbed  in  foil 

' - ' ■ ■ — — ■ ■ — - - - = q 

Unit  volume 

then  the  temperature  difference  in  the  foil  is  given  by 


where  K = thermal  conductivity  and  2L  = width  of  window  foil. 

If  it  is  assumed  that  207,  of  the  beam  power  is  deposited  in  the 
foil,  then 

q?"  = 4 W cm2  = 12760  BTU  hr-ft" 
q9'"  = 1.5  X 108  BTU  hr. ft3 


If  separation  between  ribs  is  chosen  as  2L  = 0.281  in.  the  the  tempera- 
ture drop  is 


.8. 


, = q-A  * io ). 

"o  2(130) 


7y°F 

from  the  center  of  the  foil  to  the  rib. 


m - 
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This  temperature  is  well  below  material  temperature  limits.  The  window 
was  constructed  according  to  the  given  dimensions  (Figure  A-35) . 

These  calculations  indicated  that  thermal  loading  of  the  window 
foil  should  not  be  a problem.  None  were  encountered  during  the  experi- 
ments. Window  foils  were  damaged,  however,  either  as  a result  of 
sparking  within  the  gun  or  because  of  stress  concentration  caused  by 
wrinkles  in  the  foil.  It  is  important  that  all  edges  where  the  window 
foil  contacts  the  support  structure  have  adequate  radii.  Sharp  edges 
at  the  contact  point  will  cause  stress  fatigue  in  any  repetitive  pulse 
application.  These  problems  are  not  likely  to  appear  in  a full  size 
fieldable  device. 


Water-cooled  window  structur 


F. 


Beam  Spectrum  Analysis 


An  experimental  analysis  of  the  electron  beam  energy 
spectrum  was  made  with  charge  dosimeter  foils  (Figure  A-ll).  This 
apparatus  was  mounted  inside  the  vacuum  chamber  of  the  electron  beam 
gun.  Five  current  collectors  and  four  foils  were  positioned  so  that 
there  was  no  foil  over  the  first  collector,  a 1-mil  foil  over  the 
second,  a 2-mil  foil  over  the  third,  a 3-mil  foil  over  the  fourth,  and 
a 4-mil  foil  over  the  fifth  collector.  All  foils  connected  direct  ly 
to  ground;  all  collectors  were  isolated  from  ground. 

The  signal  measured  by  each  collector  was  in  proportion  to  the 
total  incident  electron  current  less  any  current  trapped  within  the 
foil.  The  reflections  of  incident  electrons  were  ignored,  because  both 
the  foil  and  collectors  were  made  of  aluminum.  This  techiique  was  used 
in  favor  of  Lhe  originally  proposed  foil  heating  measurement. 

A dn/de  probability  distribution  was  established  for  the  S-Cubed 
Eltran  Monte  Carlo  code  using  the  time  varying  cathode  voltage  and 
current  as  normalizing  factors.  The  Monte  Carlo  electron  code  selected 
individual  particles  depending  on  the  probability  distribution.  The 
code  was  set  up  to  solve  a five-slap  problem,  with  1-mil  aluminum  speci- 
fied for  the  first  four  slabs  and  50-mil  aluminum  for  the  fifth  slab. 

The  calculated  charge  deposition  in  each  of  the  slabs  was  then  compared 
to  the  measurements  made  with  the  foi 1/collec tor  array  (Figure  A-36) . 

The  calculated  and  measured  values  agree.  From  this,  it  is  concluded 
that  there  are  no  unknown  low  energy  components  in  an  electron  beam 
generated  by  a cold  cathcde.  Therefore,  standard  Monte  Carlo  techniques, 
the  gun  voltage,  and  current  pulse  shapes  can  be  used  to  calculate  the 
heating  factor. 

Window  loading  is  minimized  when  the  beam  electrons  have  high 
kinetic  energy  and  when  the  pulse  rise  and  fall  times  are  short  com- 
pared to  the  pulse  duration. 

4.  Design  Study 

The  data  from  this  program  were  used  to  develop  a conceptual 
design  for  a cold  cathode  electron  beam  gun  with  a 15-  X 200-cm  emitting 
area;  the  gun  can  operate  at  50  pps  for  10-sec  bursts.  (Sufficient  time 
must  be  provided  between  bursts  to  let  the  components  cool.") 

2 

The  design  point  for  electron  beam  current  densitv  was  0.5  A/cm 
at  voltage  up  to  300  kV. 


I 


Hi  is  section  will  discuss  the  following: 

1)  lhe  exact  design  required  for  the  electrode  structure, 

2)  An  output  window  capable  of  meeting  the  design  specifications. 

3)  Vacuum  systems  sized  to  handle  the  gassing  load  developed  by 
the  high  power  beam. 

-+)  A prototype  design  for  the  power  equipment. 

A.  Electrode  Structure 

As  foreseen,  use  of  a full  scale  cross-section  gun  in 
the  laboratory  experiments  enabled  design  of  the  prototype  gun  with 
minimal  scaling  of  data.  The  only  significant  difference  between  the 
laboratory  and  prototype  gun  is  the  increase  in  length  from  50  to  200 
cm.  Previous  S-Cubed  programs  have  established  that  single  pulse  guns 
scale  linearly  with  length  from  50  to  at  least  200  cm;  no  additional 
complications  are  introduced  by  multipulse  operation. 

A detail  of  the  cathode  cross  section  is  shown  in  Figure  A-37. 
Further  details  are  given  in  Section  E. 

B.  Output  Window 

The  window  structure  developed  for  the  test  device 
satisfies  all  of  the  prototype  device  requirements. 

A second  window  design,  however,  has  been  considered.  The  second 
design  is  intended  to  minimize  the  angular  deflection  of  the  foil  at 
the  edges  of  the  cooled  ribs.  This  area  of  the  foil  will  most  easily 
suffer  damage  in  repetitive  pulse  operation.  One  solution  to  this  pro- 
blem is  further  subdivision  if  the  supporting  ribs.  For  example,  rather 
than  using  ribs  0.125  in.  wide  as  in  the  test  device,  ribs  0.03  in. 
wide  can  be  spaced  to  obtain  the  same  optical  transmission.  The  angu- 
lar deflection  of  the  foil  is  considerably  lessened.  It  should  be 
noted  that  construction  costs  increase  rapidly  with  the  number  of  ribs. 

An  alternative  technique  is  to  use  a thin,  perforated  high- 
conductivity  metal  sheet  behind  the  foil  with  support  ribs  spaced  1 to 
2 in.  apart  (Figure  A-38) . (The  metal  sheet  can  be  perforated  either 
by  chemical  etching  or  by  punching.)  This  reduces  the  angular  deflec- 
tion by  approximately  one  order  of  magnitude,  greatly  increasing  the 
foil's  lifetime.  It  should  be  noted,  however,  that  the  test  device 
should  have  foil  lifetimes  well  in  excess  of  the  50,000-shot  goal  for 
the  prototype  system. 


Figure  A-38.  Perforated  window  support  scheme. 


C.  Vacuum  System 

The  test  device's  gassing  rate  was  approximately  0.22 
torr  i/sec.  Because  the  test  device  is  a 1/4  length  scale  of  the  pro- 
totype device,  an  outgassing  rate  of  0.88  torr  ./sec  is  expected.  A 
net  pumping  speed  of  approximately  4400  2 /sec  is  needed  to  maintain  a 

pressure  of  2 X 10  * torr.  (2  X 10  * torr  is  two  times  lower  than  the 
maximum  suitable  operating  pressure,  as  shown  in  the  test  device.)  A 
conservative  net  pumping  speed  has  been  chosen  because  the  use  of  a 
diffusion  pump  with  a low  backstreaming  rate  was  anticipated;  also, 
mild  bake-out  procedures  can  be  instituted.  A 10-in.  diffusion  pump 
with  a Mexican  hat  to  limit  backstreaming  can  adequately  pump  the  pro- 
totype device.  This  assumes  close  coupling  between  the  pump  and  the 
vacuum  chamber  (overall  assembly  drawing) . 

A 24-cfm  rotary  pump  is  required  to  back  the  diffusion  pump  sys- 
tem. 

A second  approach  is  to  begin  with  a clean,  well-baked  system. 

This  type  of  system  generates  a much  smaller  gas  load  so  that  a smaller 
pump  can  be  used.  However,  such  a system  would  require  a bake-out  tem- 
perature of  at  least  400°  to  450°C.  Temperatures  of  this  order  require 
all-metal  seals  (rather  than  the  usual  elastomer  o-rings)  and  require 
several  davs  of  processing  before  a stable  vacuum  can  be  maintained. 

The  required  techniques  are  standard  in  the  electron  tube  industry.  At 
the  present  time,  cost  of  construction  (plus  the  downtime  experienced 
in  the  event  of  a window  failure)  precludes  this  approach.  For  advanced 
fieldable  devices,  however,  this  approach  should  be  seriously  considered 

D.  Power  Supply 

Several  power  supply  types  can  be  used  for  the  prototype 
device.  These  include  pulse  forming  lines,  pulse  forming  networks, 
series  pulse  forming  networks,  Blumlein  networks,  and  all  combinations 
with  or  without  step-up  transformers. 

A PFN  pulse  transformer  combination  was  used  for  the  test  device 
power  supply.  Whether  or  not  a step-up  transformer  is  used  depends 
upon  the  relative  difficulty  of  building  the  low  impedance  circuit 
required  in  the  primary  of  the  pulse  transformer,  compared  to  the 
difficulty  in  achieving  the  high  voltage  requirements  for  the  PFN  with- 
out the  transformer. 

In  the  case  of  a single  PFN,  a charge  voltage  of  500  kV  would  be 
required  to  obtain  250  kV  on  the  gun  cathode.  Figures  A-39  through  A-42 
illustrate  several  of  the  basic  types  of  power  supplies  suitable  for  the 
cold  cathode  electron  gun. 
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Figure  A-42.  Grid  modulated  cold  cathode  gun. 


Parameter  values  for  several  combinations  are  given  in  Table  A-2. 
PFN  parameters  listed  are  nominal;  adjustment  of  the  PFN  impedance 
would  compensate  for  the  variable  impedance  of  the  cold  cathode  diode. 

Assuming  that  the  ECOM-MAPS-70  thyratron  is  available,  the  Blumlein 
transformer  combination  (listed  in  the  second  column  of  Table  A-3)  is 
the  optimum  choice.  The  Blumlein  offers  the  advantage  of  a low  turns 
ratio  pulse  transformer  while  maintaining  a moderate  primary  circuit 
impedance  and  reliable  thyratron  switching.  The  entire  suppl  ' (not 
including  the  70-kV  charging  supply)  can  fit  in  a 4 ^ 6 •'  5 ft  enclosure 

Depending  on  the  situation,  i.e.  laboratory  test  bed,  mobile  unit, 
etc .,  other  supplies  may  have  a greater  applicability  than  the  one  chosen 
For  example,  spark  gaps  can  offer  significant  volume  and  weight  savings 
over  the  other  types  of  devices  listed. 

In  hopes  of  simplifying  the  modulator  required  for  the  diode  type 
of  gun,  a grid-modulated  cold  cathode  (triode)  gun  (Figure  A-42)  was 
investigated.  With  this  grid-modulator,  nearly  all  of  the  power  comes 
from  the  dc  supply;  only  a fraction  is  contributed  by  the  modulator. 

This  type  of  supply  is  used  extensively  on  thermionic  electron  guns. 

An  important  difference  between  cold  cathode  and  thermionic  cathode 
guns  is  the  formation  of  a cathode  plasma  that  can  short  circuit  the 
cold  cathode  gun's  grid  to  its  anode.  Grid-cathode  shorts  are  not  pro- 
blems if  they  occur  after  the  transmitted  electron  pulse. 

The  distances  between  the  cathode,  focus  electrode,  and  anode  in 
this  experimental  device  are  similar  to  the  distances  between  cathode, 
control  grid,  and  anode  of  a grid  modulated  cold  cathode  gun.  These 
measurements  show  that  the  focus  electrode  maintained  the  bias  voltage 
determined  by  the  RC  time  constant  of  the  biasing  circuit  (Figure  A-43) . 
The  data  show  that  (1)  the  plas...a  did  not  short  circuit  any  electrodes 
and  (2)  a voltage  applied  to  an  electrode  (grid)  by  a self-biasing 
circuit  or  dc  supply  will  be  maintained. 

Therefore,  a grid-modulated  power  supply  (Figure  A-42)  could,  in 
principle,  be  adapted  to  a cold  cathode  gun.  High  field  strengths  are 
needed  to  obtain  uniform  emission  (Section  3.  B.  1.).  This  implies  a 
lower  limit  to  the  modulator  voltage  of  at  least  50  kV.  The  necessity 
for  high  voltage  nullifies  any  advantage  this  type  of  scheme  may  have 
offered.  Therefore,  this  type  of  power  supply  was  not  investigated 
further . 


I'Al’.LE  A-  3.  DESIGN  FEATURES  OF  OPTIMUM  SYSTEM 


Subsystem 

Design  Features 

Gun 

Single  tantalum  strip  emitter 
Self  biasing  focus  electrodes 
Stainless  steel  construction 
Water-cooled  window 

Vacuum  System 

10-in.  close  couple  low  backstreaming 
Diffusion  pump 

24-cfm  mechanical  rotary  pump 

Power  Supply 

Blumlein  driver  pulse  transformer 
Thyratron  switching 
Spark  gap  peaking  switch 

TOP:  VOLTAGE  FOCUS  ELECTRODE 

50  fis/DI  VISION,  100  kV/DI VISION 
BOTTOM:  OUTPUT  CURR ENT  DENSI TY 

50  ps/DIVISION,  ~0.2  A/cm2/DIVISION 

Figure  A-43.  Focus  electrode  voltage  trace. 
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E.  Prototype  Design  Summary 

'Hie  prototype  design  embodies  all  of  the  design  features 
developed  during  the  experimental  program.  Table  A-3  summarizes  the 
design  features  of  the  system. 

A cutaway  isometric  view  of  the  electron  gun  is  shown  in  Figure 
A-44.  A complete  system  view  is  shown  in  Figure  A-45.  The  latter  view 
includes  the  electron  gun,  vacuum  pump,  and  power  supply. 

5 . Summary 

The  S-Cubed  Rapid  Pulse  Facility  has  been  used  to  study 
repetitive  pulse  operation  of  cold  cathode  electron  beam  guns  with 
accelerating  voltages  to  300kV,  pulse  lengths  from  2 to  10  , sec  and 
repetition  rates  to  50  pps.  Data  obtained  from  this  study  were  used  to 
design  conceptually  a 15  X 200  cm  repetitively  pulsed  cold  cathode  elec- 
tron beam  gun  system. 

Some  of  the  highlights  of  the  data  obtained  in  this  program  are 
contained  in  the  following  paragraphs. 

A.  Emitter  Foil  Lifetime 

Correlation  of  the  number  of  emission  sites  and  the  mass 
removed  per  emission  site  indicates  that  foil  lifetimes  in  excess  of 

50,000  shots  are  easily  achieved.  Lifetimes  up  to  10 1 shots  are  pro- 
bable, provided  that  a fast  rising  voltage  pulse  is  applied  to  the 
cathode . 


B . Gun  Impedance 

Measurement  of  gun  impedance  at  50  pps  for  pulse  widths 
from  3 to  9 hsec  shows  that  both  repetitively  and  single  pulsed  guns 
operate  in  a space  charge  limited  mode.  It  follows  that  existing  data 
from  single  pulse  guns  can  be  used  in  the  design  of  multiple  pulse  guns 
by  using  the  voltage  and  area  scaling  rules  for  space-charge  limited 
operation. 


C.  Beam  Focussing  and  Efficiency 

It  was  demonstrated  that  self-biasing  focussing  elec- 
trodes can  shape  the  beam  profile  in  both  transverse  and  longitudinal 
dimensions.  Measurements  of  the  beam  current  density  outside  the  foil 
window  (using  a collector  array  and  cellophane  dosimeters)  revealed  that 
the  beam  edge  profile  can  be  dramatically  altered  with  focussing  elec- 
trodes. This  will  increase  gun  efficiency  substantially  above  50'. 
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-45.  Full  scale  prototy 


test 


D.  Vacuum  Requirements 

The  measured  gassing  rate  under  high-average  power  con- 
ditions is  consistent  with  thermal  deso-ption  of  gas  from  the  gun 

chamber  walls.  Operation  of  the  gun  at  pressures  of  10  torr  causes 
rapid  reabsorption  and  precludes  gun  clean  up.  This  suggests  two 
approaches  to  gun/vacuum  system  design: 

1)  Moderate  vacuum  technology  should  be  used  and 
operated  with  large  vacuum  pumps. 

2)  Very  high  vacuum  technology  should  be  developed  for 
the  large  guns  and  smaller  pumps  should  be  used. 

In  either  case,  the  extreme  importance  of  a leak  free  system  is 
emphasized . 

E.  Thermal  Loading  of  the  Electron  Beam  Window 

2 

Thermal  loading  of  the  window  by  75  pA/cm  as  required 
for  a full  scale  system  does  not  limit  the  life  of  the  window  foils. 
(Failure  mechanisms  such  as  gun  arcs  or  repeated  extreme  flexing  of  the 
foil  must  be  avoided.) 

F.  Beam  Energy  Spectrum 

Measurements  made  by  placing  current  collectors  behind 
absorbers  of  various  thickness  correlated  with  calculations  of  electron 
energy  spectra  made  with  the  Eltran  Monte  Carlo  code.  An  input  spec- 
trum based  on  the  voltage  and  current  waveforms  was  used.  This  demon- 
strated that  anomalous  low  energy  electrons,  if  present,  are  insignifi- 
cant. Window  loading  can  be  calculated  when  the  gun  voltage  and  current 
waveform  are  known. 

The  design  study  focussed  on  a 15-  X 200-cm  electron  beam  gun  sys- 
tem. The  gun  can  operate  at  50  pps  for  10-sec  bursts  and  provide 
2 

0.5  A/cm  at  voltages  up  to  300  kV.  The  laboratory  gun  was  purposely 
designed  with  full  scale  transverse  dimensions,  thereby  simplifying  the 
design  of  the  full-scale  gun.  The  electron  beam  window  designed  and 
built  for  the  laboratory  gun  was  also  suitable  for  the  full  scale  gun, 
although  alternative  methods  for  reducing  foil  flexing  under  multiple 
pulse  conditions  were  suggested. 

A vacuum  system  based  on  a conventional  10-in.  oil  diffusion  pump 
and  24-cfm  mechanical  roughing  pump  best  serves  the  present  needs.  Verv 
clean,  highly  baked  guns  should  be  considered  for  future  systems. 


Assuming  that  the  EC0M-MAPS-70  thvratron  is  available,  a Blumlein- 
transformer  with  thyratron  switching  is  the  optimum  choice  for  the  power 
supply.  The  entire  power  supply  should  fit  inside  a 4 X 6 X 5 ft  enclos- 
ure . 

Summaries  of  the  conceptual  design  parameters  and  drawings  of  the 
gun  and  system  are  provided.  Alternatives  to  the  chosen  power  supply, 
vacuum  system,  and  window  are  also  provided. 
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